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Introduction
Background
Total knee arthroplasty (TKA) is one of the most successful surgical procedures for the treatment of 
osteoarthritis and rheumatoid arthritis of the knee. The main goals of TKA are pain relief1 and 
restoration of normal knee function and kinematics2. Over the years longevity of knee implants has 
improved significantly as indicated by the high survival rates reported for primary TKA, ranging 
between 90 and 95% after ten years post-operatively3-6. Due to the success of TKA, an increasing 
number of knee patients is operated worldwide each year. Nowadays, roughly 15,000 TKAs are 
performed annually in the Netherlands7, while this number is around 400,000 TKAs in the United 
States8,9. The prevalence of TKA is expected to further increase in the next decades because of aging of 
the population7,9.
Figure 1.1 (a) Lateral roentgen picture of the knee joint with total knee arthroplasty (TKA). (b) Oblique views of a 
fixed-bearing cruciate-retaining (left) and a mobile-bearing posterior-stabilized total knee replacement (right).
During TKA, the diseased and worn-out cartilage surfaces of the femur and tibia are resected and 
replaced by prosthetic components (Figure 1.1a). The knee joint is usually opened using a central 
frontal incision through the skin, followed by a second incision through the deeper fascial tissues 
around the medial side of the patella and quadriceps/patella tendon. Specially designed cutting jigs 
are aligned on the femur during surgery to cut the femur in a step-wise fashion and subsequently 
attach the femoral component, which can be made of metal alloys (e.g. stainless steel, cobalt-chrome, 
titanium) or ceramic materials. The tibial component is implanted by cutting the tibial plateau using a
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standard posterior slope of 0 to 7° to replicate the knee's anatomy. In general, TKA components are 
fixated using acrylic bone cement, although cementless components are available that allow bone to 
grow into porous prosthetic surfaces fixating the implant. A polyethylene dish is inserted as a bearing 
surface between the femoral and tibial components. In case a surgeon prefers to resurface the patella, 
the articulating backside of the patella is cut and a dome-shaped polyethylene component is attached 
to the exposed bony surface.
Despite the good survivorship of modern knee implants, indicated by a relatively small failure 
percentage (5-10%) after several years of in-vivo functioning3-6, the number of revision TKAs performed 
annually is still considerable due to the large quantity of primary TKAs executed worldwide. For 
example, in the United States alone, 35,000 knees are revised each year89. These revision rates 
demonstrate that there is a strong requirement for further implant optimization.
Conventional TKA
The first knee surgeries were performed in 1891 by a German surgeon named Theophilus Gluck, who 
implanted a hinged knee prosthesis made of ivory1011. Unfortunately, Gluck's prosthesis failed due to 
wear, fixation problems and infections. Little progress was achieved between the 1890s and 1950s. In 
1951, Walldius introduced a new hinge prosthesis1213, which was first made of acrylate and later of 
cobalt-chrome. Two decades later, a French research group (groupe pour l'utilisation et l'étude des 
prosthèses articulaire) developed the Guépar hinge prosthesis, which had a patellar flange to resurface 
the anterior part of the femur14. Because the first hinge designs mainly accounted for flexion-extension 
movements of the knee, the knee implants were too constraining and loosening was a frequent 
complication1516. Better results were obtained with less constraining hinge prostheses, allowing the 
femur to somewhat slide or rotate axially during knee flexion, such as the Blauth prosthesis17. Hinged 
knee prostheses are currently only recommended in cases of severe deformity and instability18.
The development of total condylar knee implants as widely used in contemporary TKA, started in the 
early 1970s19. The term 'total condylar knee' refers to a more anatomical implant design consisting of a 
condylar-shaped femoral component to resurface the distal femur and a tibial component to resurface 
the tibial plateau, and without a hinged connection between the femur and tibia. Efforts have been 
made to improve the wear resistance of the tibial module, which led to the creation of high-density 
and cross-linked polyethylene20. Enhanced insights in the negative effects of sterilization using gamma 
irradiation in air, leading to oxidative degradation of the polyethylene, furthermore improved the wear 
performance2122. Since the introduction of total condylar knees in the 1970s, numerous new implant 
designs have evolved, particularly to improve implant durability and knee kinematics.
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In general, contemporary knee implants can be subdivided into two groups: cruciate-retaining and 
cruciate-sacrificing (Figure 1.1b). In cruciate-retaining TKA designs, the posterior cruciate ligament 
(PCL) is spared, while in cruciate-sacrificing designs the PCL is excised and mostly substituted by a 
post-cam mechanism, taking over the PCL function. In this type of TKA, also referred to as posterior- 
stabilized TKA, a cam at the posterior side of the femoral component articulates with a post on the 
tibial component to stabilize the joint in antero-posterior direction. During both cruciate-retaining and 
posterior-stabilized TKA procedures the anterior cruciate ligament (ACL) is sacrificed to allow better 
access of the joint, while the antero-posterior stability normally provided by the ACL is intercepted by 
the dish-shaped condylar TKA design. One of the main functions of the PCL is to facilitate posterior 
translation of the femoral condyles during knee flexion, which is known as femoral rollback23. Femoral 
rollback is essential to avoid posterior tibio-femoral bony impingement and improve range of 
motion2425 as well as quadriceps efficiency26. There is at this moment no consensus on whether the 
PCL should be preserved or excised during TKA. Proponents of PCL conservation argue that sparing 
the PCL leads to more physiological knee kinematics, less femoral bone reduction, lower shear loads 
on knee implants and maintenance of proprioception23. Conversely, the surgical technique used 
during posterior-stabilized TKA is more straight-forward than cruciate-retaining TKA, as no PCL 
balancing is required, and leads to more predictable knee kinematics227.
Another implant distinction can be made based on polyethylene bearing design (Figure 1.1b). The 
tibial insert can either be rigidly attached to the tibial tray (fixed-bearing) or is able to slide or rotate on 
the tibial tray (mobile-bearing). Mobile-bearings, in principle, have a higher tibio-femoral conformity 
than fixed-bearings to reduce the polyethylene contact stress and wear potential28. Due to the 
increased conformity between tibia and femur, mobile-bearings are generally more constraining and, 
for instance, the 0 to 15° of axial tibial rotation required during deep flexion activities29 is allowed by 
rotation of the polyethylene insert on the tibial tray. Thus, mobile-bearings tend to decouple the 
complex motions of the knee in more uni-directional tibio-femoral motions, which additionally 
reduces polyethylene wear30. However, a recent fluoroscopic study demonstrated that mobile- 
bearings may show less rotational bearing movement in-vivo than expected, possibly increasing the 
tibio-femoral contact stress31.
High-Flexion TKA
Clinical studies have shown that conventional TKA components usually allow flexion angles up to 
120°2432. Due to the good survivorship of modern TKA, knee patients receiving a total knee 
replacement are currently younger and more active than patients in the past and post-operative range
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of motion (ROM) has become more important. However, patients are reported to experience 
limitations with standard TKA during activities requiring higher degrees of knee flexion such as 
gardening, squatting and kneeling33. In addition, TKA markets in non-Western countries, such as India 
and Japan, are flourishing and daily living activities in these parts of the world more frequently involve 
large flexion angles34. One of the latest developments in present TKA are so-called high-flexion knee 
replacements, which have been developed to accommodate a larger range of motion (ROM > 120°) 
after TKA than standard replacements (Figure 1.2). High-flexion knee implants are often based on 
successful standard TKA designs, which have been adapted posteriorly to endure the more extreme 
loading conditions occurring during deep knee flexion35-37. Because of the modified femoral condylar 
geometry, slightly more posterior bone needs to be sacrificed during high-flexion TKA.
Figure 1.2 Examples of a conventional (left) and high-flexion total knee replacement (right). Both implants are 
positioned at 130° of knee flexion and the standard knee implant shows a lower posterior tibio-femoral conformity 
than the high-flexion implant and consequently a higher risk of polyethylene edge loading as indicated by the 
arrows.
Both cruciate-retaining and posterior-stabilized high-flexion knee replacements, either with fixed or 
mobile polyethylene bearings, have been developed by a variety of orthopaedic companies. Examples 
of high-flexion TKA systems are: the E.motion (Aesculap, Tuttlingen, Germany), the Vanguard Complete 
Knee (Biomet, Warsaw, IN, USA), the PFC Sigma RP-F (DePuy, Warsaw, IN, USA), the Dual Bearing Knee 
(Finsbury Orthopaedics, Surrey, UK), the Journey BCS (Smith and Nephew, Memphis, TN, USA), the 
Scorpio Flex (Stryker, Kalamazoo, MI, USA), the Advance Double-High Knee (Wright Medical 
Technology, Arlington, TX, USA) and the Nexgen LPS-Flex (Zimmer, Warsaw, IN, USA).
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High-Flexion TKA Issues
Since high-flexion TKA is a relatively recent development in knee arthroplasty, only short-term clinical 
results are currently available having follow-up periods of maximally 35 months38. Examples of TKA- 
related issues raised in the first clinical and mechanical evaluations of high-flexion total knee 
replacements are:
Post-Operative Range of Motion
Thus far, contradicting flexion ranges after high-flexion TKA have been described. Five out of ten 
follow-up studies comparing high-flexion to standard TKA39-43 reported a significantly improved ROM 
for high-flexion TKA, while the rest reported no difference between standard and high-flexion TKA44-48. 
In these clinical studies, the maximal post-operative flexion angle after high-flexion TKA was up to 15° 
higher than after standard TKA. The inconsistent clinical results found for high-flexion TKA may be 
explained by prosthetic design differences, relatively low number of patients considered in these 
studies and the fact that only a few studies used prospective randomization to include patients43-44-47'48.
Femoral Rollback
Adequate posterior translation of the femur during knee flexion is crucial for high-flexion TKA to avoid 
posterior bone-implant impingement and maximize knee flexion2425. In general, more consistent 
femoral rollback patterns have been reported for posterior-stabilized TKA due to the predictable 
behavior of the post-cam mechanism2,27, although some studies have reported excellent knee 
kinematics for cruciate-retaining TKA as well49. Obviously, the amount of femoral rollback after TKA 
depends on PCL functioning and therefore obtaining an adequate PCL tension after cruciate-retaining 
high-flexion TKA is an important surgical aim to achieve. A tight PCL leads to more femoral rollback 
than a slack PCL, at the expense of a tighter flexion gap, increased joint compression and potential 
polyethylene wear5051. Hence, knee surgeons have to carefully weigh these factors while balancing the 
PCL during cruciate-retaining high-flexion TKA.
Posterior Impingement
Dorsal tibio-femoral impingement, which mechanically limits knee flexion25, may also occur due to 
other reasons than insufficient femoral rollback. Examples of such factors are the presence of posterior 
osteophytes, residual bone cement, decreased posterior condylar offset and exposed femoral 
cancellous bone2552-54. Posterior cleanout of the femoral condyles is therefore very important especially 
during high-flexion TKA. Another factor limiting the flexion range after TKA is posterior soft-tissue
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impingement between thigh and calf52. Deep knee flexion activities such as squatting and kneeling, 
frequently involve posterior thigh-calf contact, limiting knee flexion and possibly decreasing the knee 
joint load55 as indicated by the fact that people squat, kneel or sit in cross-legged positions for long 
periods of time in a relatively relaxed manner34. In particular obese knee patients may show thigh-calf 
impingement at fairy low flexion angles of 115 to 120° of flexion52.
Polyethylene Edge Loading
Numerical studies have demonstrated that high-flexion knee implant designs better accommodate 
deep knee flexion in terms of polyethylene stresses than standard implants56-58. Deep knee flexion puts 
higher demands on knee implants, both in a kinematic (e.g. increased femoral rollback) and kinetic 
perspective (e.g. increased joint load) as explained before. Since conventional knee implants have a 
lower posterior tibio-femoral conformity than high-flexion implants, polyethylene edge loading and 
subsequent wear is a risk while performing deep flexion activities with implants that are not designed 
to accommodate high flexion ranges58.
Femoral Loosening
High-flexion knee replacements may be more sensitive to femoral loosening as the tibio-femoral joint 
load is relatively high during deep knee flexion35-37 and directed increasingly tangential to the posterior 
femoral fixation site59. Retractile forces may therefore be exerted on the femoral component during 
high- flexion. A recent follow-up study reported a disturbingly high incidence of early femoral 
loosening for cemented high-flexion TKA60. Aseptic femoral loosening was observed in 38% of the 
operated cases at a mean follow-up time of 23 months and the incidence of loosening was associated 
with the maximal post-operative flexion angle. Furthermore, in a clinical study considering cementless 
high-flexion TKA, radiographic loosening of the femoral component was observed in 36% of the knees 
implanted after on average 50 months of in-vivo functioning and 8.3% of the loosened knees were 
revised due to severe pain complaints61.
Anterior Knee Pain
Patello-femoral complaints are not an abnormal observation after modern TKA and comprise 
pathologies such as anterior knee pain, crepitus (creaking sound during knee flexion) and the patellar 
clunk syndrome62. Anterior knee pain may occur due to a variety of reasons including prosthetic 
design characteristics, whether the patella is resurfaced or not and other details of the surgical 
technique employed, such as rotational alignment of the femoral component63,64. Since patella- 
femoral forces tend to increase during knee flexion, there have been concerns that high-flexion TKA
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leads to a higher incidence of anterior knee pain6566. Another common source of anterior knee 
complaints is, as mentioned before, the patellar clunk syndrome6267. In this syndrome, supra-patellar 
fibrous tissue is developed as the superior side of the patella jumps into the intercondylar femoral 
notch at some stage in knee flexion, leading to an often painful irritation of the distal quadriceps 
tendon and clunk of the patella during knee extension. The syndrome is mostly observed in knees with 
posterior-stabilized TKA in combination with a large ROM62. Due to the association with the post­
operative flexion range, patellar clunk may occur more frequently after high-flexion TKA as indicated 
by recent follow-up studies reporting the occurrence of clunk after high-flexion TKA4868. As, on the 
whole, the rate of residual anterior knee pain after TKA without patellar resurfacing is roughly 10 to 
20%6369, the majority of knee surgeons in the USA prefers to resurface the patella70 and may be 
advisable for high-flexion TKA to decrease the risk of post-operative anterior pain.
Dissertation Outline
Most of the early high-flexion TKA issues listed above with potential mechanical underlying conditions 
were evaluated in this thesis to gain insight in these problems and improve implant performance. A 
three-dimensional dynamic finite element (FE) model of the prosthetic knee, developed in the past5871, 
was used as a basis for the mechanical high-flexion analyses performed in this thesis (Figure 1.3). The 
FE knee model consists of proximal tibia and fibula, TKA components, a non-resurfaced patella, 
collateral ligaments and a quadriceps and patella tendon. Knee flexion is simulated by application of 
the ground reaction force and slightly releasing the fixed quadriceps tendon per increment of flexion, 
thereby generating an increasing balancing force in the quadriceps. Hence, the tibia moves with 
respect to the femur and the FE knee model is relatively unconstraint and able to seek its own 
kinematics. Similar loading set-ups have been used in in-vitro experimental studies to evaluate TKA 
components, such as the Oxford, Purdue and Kansas knee testing rigs72-74, where the quadriceps 
tendon is loaded to balance a driving force at the ankle joint.
In general, it would be extremely valuable to be able to predict how polyethylene loading is affected 
by TKA design parameters and whether implant over-load can be prevented with design changes as 
proposed in high-flexion TKA designs. For this purpose, the FE knee model was extended to more 
accurately analyze high-flexion knee components during deep knee flexion (ROM > 120°). The FE 
model improvements and high-flexion implant design-related issues analyzed in this thesis can be 
summarized in the following three research topics.
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Figure 1.3 The three-dimensional finite element (FE) knee model used in this thesis, containing osseous tissues 
(tibia, fibula and patella), (high-flexion) TKA components and soft-tissues (patella and quadriceps tendon). Knee 
flexion is simulated by application of the ground reaction force (Fgrf) and releasing the quadriceps tendon slightly 
per increment of flexion. Both collateral ligaments present in the model are not shown.
Deep Flexion Modeling: Thigh-Calf Contact (Chapter 2 and 3)
Knee forces and TKA loading conditions have been reported to typically increase with progressive 
flexion angles37,56,58. However, thigh-calf contact may well reduce the forces within the knee as the 
tibio-femoral load transfer shifts from occurring inside the knee towards the thigh-calf contact 
interface36. In Chapter 2 and 3, the effect of contact between thigh and calf, which occurs during deep 
flexion activities such as squatting and kneeling52,55, on the loading of the knee joint was studied using 
the FE knee model. First the thigh-calf contact force characteristics were measured using a flexible 
pressure mapping sensor. The following research questions were addressed: (1) Is thigh-calf contact 
substantial?; (2) If so, what is the magnitude of the resultant contact force and location of application 
on the calf with respect to the knee rotational center?; and (3) What is the effect of thigh-calf contact 
on the forces inside the knee and on high-flexion TKA components during deep flexion?
PCL Conservation and Balancing (Chapter 4 and 5)
PCL preservation during TKA has its advantages over PCL substitution, such as less intra-operative 
femoral bone reduction, lower shear loads on the knee implant and maintenance of proprioception23. 
However, an improperly balanced PCL after TKA may lead to abnormal femoral rollback patterns75
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and/or detrimental polyethylene loads5051. Due to the increased kinematic and kinetic demands on 
TKA components during deep knee flexion, adequate PCL functioning is essential after cruciate- 
retaining high-flexion TKA. Furthermore, PCL properties such as its tensile response7677 and 
anatomy7879 are known to vary between knee patients and may lead to post-operative PCL tightness. 
Frequently used surgical methods to relief such a tight PCL are ligament release50 and adding posterior 
tibial slope8081. In Chapter 4 and 5 the effect of PCL retention and balancing techniques on high-flexion 
TKA performance was investigated using the FE knee model. More specifically, we concentrated on the 
following research questions: (1) Does cruciate-retaining high-flexion TKA better accommodate deep 
knee flexion (ROM > 120°) in terms of knee kinematics and polyethylene stresses than standard 
cruciate-retaining TKA and does it have a similar implant performance during deep flexion as posterior- 
stabilized high-flexion TKA?; (2) Can variations in mechanical and anatomical PCL properties lead to 
excessive post-operative PCL tension?; and (3) Are ligament release and adding additional posterior 
tibial slope adequate methods, from a biomechanical perspective, to resolve a tight PCL in case of 
high-flexion TKA?
Femoral Implant Fixation (Chapter 6 to 8)
As mentioned before, early clinical results have shown potential evidence for femoral fixation 
problems associated with cemented high-flexion TKA60. For this purpose, in Chapter 6 to 8 the loading 
of the femoral implant-cement interface, which was indicated to be specifically at risk during deep 
flexion, was analyzed using the FE knee model. Interface loading experiments were performed first to 
quantify the strength of the femoral implant-cement interface under mixed-mode normal and shear 
loading conditions as occurring at the femoral fixation site during knee flexion (Chapter 6). 
Subsequently, based on the interface strength experiments we evaluated in Chapter 7 and 8 whether 
the loading conditions occurring at the femoral fixation site during deep flexion would lead to implant 
loosening in case of posterior-stabilized and cruciate-retaining high-flexion TKA. We aimed at 
answering the following questions: (1) Does deep knee flexion lead to an increased risk of femoral 
loosening?; (2) If debonding occurs, at which location of the femoral implant-cement interface is this 
event initiated?; and (3) Does PCL conservation and reduction in bone quality affect the risk of femoral 
loosening associated with high-flexion TKA?
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Abstract
Knee models often do not contain thigh-calf contact which occurs in deep knee flexion. Thigh-calf 
contact is expected to reduce muscle forces and thereby affects internal stresses in the knee joint. The 
purpose of this study was to measure thigh-calf contact forces. Two deep knee flexion activities were 
selected: squatting and kneeling. Ten healthy subjects participated in the experiment. Contact 
pressures between the thigh and calf were measured using the Tekscan Conformat pressure mapping 
sensor. Knee flexion angles were measured unilaterally using an infrared motion capture system. 
Contact forces were averaged in terms of means and standard deviations. The magnitude and location 
of the resultant contact force were calculated. Correlations between anthropometric subject 
parameters and experimental outcome were studied. In general, thigh-calf contact did not take place 
below 130° knee flexion. The average maximal contact forces for each leg were 34.2% bodyweight 
during squatting and 30.9% bodyweight during kneeling. Corresponding average maximal knee 
flexion angles were 151.8° during squatting and 156.4° during kneeling. Thigh and calf circumferences 
were correlated with the contact force measurements. The current study shows that thigh-calf contact 
is substantial (> 30% bodyweight on one leg) and is likely to have a considerable effect on forces inside 
the knee joint. Results presented in this study can be utilized in knee models that focus on deep knee 
flexion.
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Introduction
Total knee replacement (TKR) is a widely used and successful surgical procedure. In 2003 a total of 
418,000 TKR and 33,000 revision procedures were performed in the USA1. New developments are 
continuously made to improve implant performance. One of the latest developments is the so-called 
high-flexion knee prosthesis, which allows flexion angles larger than 120°. The development of this 
type of prosthesis is mainly a result of two concurrent trends. Firstly, due to its success, TKR is applied 
to younger and more active patients. The more active way of living demands a prosthesis with a larger 
range of motion. Secondly, the number of patients undergoing TKR surgery in non-Western countries 
is growing steadily. Studies on implants used in non-Western cultures report the necessity for high­
flexion knee implants due to local daily living activities like kneeling and squatting2.
The development of high-flexion knee implants puts higher demands on implants, both in a kinetic 
and a kinematic perspective. Kinematic studies have been performed to investigate high-flexion knee 
behavior. As an example, several studies reported an asymmetric femoral roll-back mechanism during 
squatting and kneeling, which was caused by an internal tibial rotation34. Other studies reported the 
separation of the medial condyle and medial tibial plateau occurring at high knee flexion angles45.
Over the last decades the finite element (FE) method has proven its value for TKR research and has 
recently been utilized in high-flexion knee research. Morra and Greenwald6 used FE models to 
calculate tibio-femoral contact stresses in different high-flexion knee implants. For some types of 
implants, they reported stresses above the yield point of the polyethylene insert at high knee flexion 
angles. Barink et al7 used FE models to compare a conventional knee prosthesis with a high-flexion 
knee prosthesis of the same manufacturer. In general, they found higher implant stresses with 
increasing flexion angles, which was primarily caused by higher quadriceps forces occurring at these 
higher flexion angles. They also showed that the high-flexion knee prosthesis did outperform the 
conventional prosthesis in the high-flexion range.
The outcome reliability of finite element analyses depends on input parameters such as joint forces 
applied to the finite element models. Joint forces are often estimated by simplified musculo-skeletal 
models using inverse dynamics. Most of these models do not include thigh-calf contact, which occurs 
in high knee flexion. Nagura et al8 measured high knee flexion kinematics and calculated 
corresponding net knee joint forces and moments using an inverse dynamics model. This model 
contained estimations of segment dimensions and mass distributions. However, the model did not 
contain thigh-calf contact, which they reported as a shortcoming of their model. Caruntu et al9 
calculated knee joint forces during deep knee flexion using a mathematical model, which contained 
thigh-calf contact. With this model they showed that thigh-calf contact could lead to a considerable
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reduction of quadriceps and hamstring forces. Nonetheless, the model used in their study was a 
simplified and two-dimensional representation of the human knee and was not validated.
Because thigh-calf contact is often neglected, musculo-skeletal models would typically predict higher 
knee joint forces with increasing flexion angles, even in the high-flexion range. This seems to 
contradict the fact that people can squat for long periods of time in a relaxed manner, which is 
possibly caused by contact between the thigh and calf. Our hypothesis is that thigh-calf contact is 
substantial, reduces muscle forces in the knee during high knee flexion and should in that case not be 
neglected in models that focus on deep knee flexion.
Thus far, no prior studies were found which actually quantified the thigh-calf contact characteristics. 
The purpose of the current study was to gather information on thigh-calf contact by measuring its 
pressure distribution in relation to the knee flexion angle. Two high-flexion activities were included in 
this study: squatting and kneeling. The pressure distributions were used to calculate the magnitude 
and location of the resultant contact force on the calf, which can be used in further research. 
Furthermore, we hypothesized that anthropometric properties affect thigh-calf contact characteristics. 
Hence, we investigated whether we could detect any trends between body mass index related subject 
properties and the thigh-calf contact characteristics.
Materials & Methods
Subjects
Ten healthy subjects (8 male and 2 female) were included in this study as, at this point of time, TKR 
patients do not yet receive high-flexion TKR components in The Netherlands. A group size of 10 
subjects was selected as this group size was deemed to be appropriate to create the data that typically 
describes the thigh-calf contact conditions. The mean age of the subjects was 28.4±6.0 years, the 
mean body mass (BM) was 71.5±15.7 kg, the mean length was 181 ±9.2 cm and the mean body mass 
index (BMI) was 21.6±3.4 kg/m2. Subjects were fully informed and agreed to participate in the 
experiment.
Materials
Contact pressure between thigh and calf was measured using the Tekscan Conformat pressure 
mapping sensor (model #5330, Tekscan, South Boston, MA, USA). This sensor has been developed for 
research on decubitus and seating optimizations, which produce similar pressure magnitudes as 
presumably encountered in this study. In other studies, Tekscan sensors have been used to measure, 
for instance, articular contact areas and stresses1011. The Conformat sensor has a sensing area of 47.1 by
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47.1 cm with 1024 sensing elements (sensels) distributed over 32 rows and 32 columns, a thickness of 
1.78 mm, a spatial resolution of 0.5 sensel per square cm and a sensitivity range of 0-33.3 kPa for each 
sensel. Before application, the Conformat was conditioned by loading and unloading it several times 
and by equilibrating and calibrating the sensor using the instrumentation provided by the 
manufacturer. After the sensor was conditioned, it was inserted between the thigh and calf of both 
legs of the subjects. Tekscan contact pressure distributions were recorded with a frequency of 8 Hz 
using I-Scan version 5.72 (Tekscan, South Boston, MA, USA).
Knee flexion angles were measured unilaterally using an infrared five-camera motion capture system 
(Qualisys AB, Gothenburg, Sweden). Reflective markers were attached to the trochanter major, lateral 
epicondyle and lateral malleolus and represented the hip, knee and ankle joint positions respectively 
(Figure 2.1). Motion data were collected with a frequency of 60 Hz using Qtrac Capture version 2.77 
(Qualisys AB, Gothenburg, Sweden). To link the pressure and kinematic measurements, both systems 
were synchronized using an infrared led which was switched on manually when the Tekscan 
recordings were started and which served as a data marker in the Qualisys recordings.
Leg segment lengths and circumferences of the subjects were measured as well as the distance 
between the posterior knee and the epicondylar axis. This epicondylar distance (Figure 2.1) was used 
to transfer from a sensor specific coordinate system to a subject specific coordinate system in order to 
relate the contact measurements to the calf.
Figure 2.1 Experimental set-up used in this study. The reflective 
markers and the Conformat pressure mapping sensor are visible 
together with the epicondylar distance.
trochanter major
lateral m alleolus 
lateral epicondyle
epicondylar distance
Squatting and Kneeling Protocol
The subjects performed two activities: squatting and kneeling. The squatting activity was defined by 
descending from an erect posture to a squatting position with no heel-ground contact (Figure 2.2a) 
and the kneeling activity by descending from an erect kneeling position to a deep kneeling position
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with ankles dorsal flexed and knee-ground contact (Figure 2.2b). Both activities were repeated three 
times to obtain an averaged relation between thigh-calf contact and the knee flexion angle for each 
subject. This protocol was recorded two times per subject. The first recordings enabled the subjects to 
practice the experiment protocol and the second recordings were used in further analysis.
Figure 2.2 The high-flexion activities: (a) deep squatting and (b) deep kneeling. Both activities were defined by 
descending from an erect posture to these deep flexion positions.
Data Analysis
Contact pressure distributions were studied and plotted using I-Scan. Data analysis and processing was 
done in Matlab 7.1 (The Mathworks, Natick, MA, USA). Tekscan and Qualisys recordings were 
synchronized and resampled using linear data interpolation. For each subject, the pressure 
distributions of both legs were averaged to obtain a typical pressure distribution for one leg. Pressure 
distributions were translated to force distributions by multiplying contact pressures by contact areas. 
The resultant contact forces and their locations on the calf were calculated using the contact force 
data and the resultant contact forces were normalized for body weight (BW). Knee flexion angles were 
determined using the marker positions of the ankle, knee and hip and the cosine rule. Resultant 
contact forces and their locations on the calf versus flexion angle curves were obtained and translated 
to one mean curve per activity for each subject. The starting flexion angle of thigh-calf contact was 
defined as the flexion angle at which the resultant contact force on one leg became larger than 5% 
BW.
Statistical Analysis
The maximal contact forces, the maximal contact areas, the maximal flexion angles and the starting 
flexion angles of thigh-calf contact were averaged for all subjects in terms of means and standard
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deviations. The Student's t-test was used to assess differences between the maximal contact force 
occurring during squatting and kneeling. Moreover, differences between the maximal thigh-calf 
contact force occurring at the dominant and non-dominant leg were assessed (dominant leg 
comparison). The Pearson's linear correlation coefficient (for a 95% confidence interval) was used to 
quantify trends between BMI related subject properties and the thigh-calf contact characteristics. 
Hence, relations were determined between anthropometric properties of the subjects (circumferences 
of thigh and calf, BMI and BM) and experimental outcome (maximal contact force, maximal flexion 
angle and starting flexion angle of thigh-calf contact).
Results
We found that thigh-calf contact pressures exponentially increased with increasing knee flexion 
angles. Parameters such as the contact area and the resultant contact force were all maximal at the 
maximal knee flexion angles reached by the subjects (Table 2.1).
Table 2.1 Average Thigh-Calf Contact Characteristicsa
Activity Start of contact Maximal contact
Flexion angle
(°)
Flexion angle
(°)
Resultant contact 
force (%  BW)
Location of res. 
contact force (cm)
Squatting (n = 10) 
Kneeling (n = 9)b
134.8 (5.92)
144.8 (3.52)
151.8 (4.39) 
156.4 (3.43)
34.2 (9.69) 
30.9 (9.31)
15.1 (2.38) 
16.6 (2.64)
Contact area
(cm2)
Squatting (n = 10) 
Kneeling (n = 9)b
215.2 (57.2) 
240.8 (39.9)
a Average values and standard deviations (in brackets) are given. 
b Due to erroneous data one subject was not included.
Contact Area
Figure 2.3 shows two typical contact pressure distributions at maximal knee flexion, obtained with I- 
Scan. The average maximal contact area was 215.2 cm2 during the squatting activity and 240.8 cm2 
during the kneeling activity. In most recordings, the peak pressures were located close to the posterior 
knee, but in some recordings the peak pressures were found more distal on the calf. Most subjects 
exhibited a slightly asymmetric contact distribution between both legs.
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Figure 2.3 Two typical thigh-calf contact pressure distributions of one subject (weight = 78 kg) captured at maximal 
knee flexion angle: (a) squatting: flexion angle = 153°, contact force = 445.0 N, contact area = 0.0397 m2 and (b) 
kneeling: flexion angle = 155°, contact force = 424.7 N, contact area = 0.0473 m2. The diamond in the figures 
represents the location of the center of pressure.
Table 2.2 Correlations between Subject Properties and Thigh-Calf Contact Characteristicsa
Subject properties Start flexion angle Max. flexion angle Max. contact force (N)
R(s) R(k) R(s) R(k) R(s) R(k)
Thigh circumference -0.54 -0.70 * -0.63 -0.32 0.73 * 0.93 *
Calf circumference -0.79 * -0.82 * -0.68 * -0.27 0.77 * 0.81 *
BMI -0.42 -0.69 * -0.81 * -0.49 0.57 0.74 *
Weight 0.73 * 0.72 *
a Significant correlations (p < 0.05) are marked (*). R(s) is the Pearson's linear correlation coefficient for squatting and 
R(k) for kneeling.
Contact Force
In general, thigh-calf contact did not take place below 130° knee flexion (during both activities, Table 
2.1). Evident thigh-calf contact (> 5% BW for one leg) initiated at a lower average flexion angle during 
squatting (134.8°) compared to kneeling (144.8°). Contact forces were maximal when the knees were 
maximally flexed. The average maximal flexion angles were lower during squatting (151.8°) compared 
to kneeling (156.4°). However, the corresponding average maximal contact forces on one leg were 
higher during squatting (34.2% BW) compared to kneeling (30.9% BW). The average location of the 
resultant contact force was closer to the epicondylar axis during squatting (15.1 cm) compared to
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kneeling (16.6 cm). For the squatting activity, a typical relationship between the knee flexion angle and 
the average resultant contact force is given in Figure 2.4, together with a typical relationship between 
the knee flexion angle and the location of the resultant force on the calf.
130 135 140 145 150 155 160 130 135 140 145 150 155 160
Flexion Angle (°) Flexion Angle (°)
Figure 2.4 A typical relation (solid line) between the knee flexion angle and (a) the average resultant contact force 
on one leg and (b) its location on the calf (with respect to the epicondylar axis) during the squatting activity. The 
grey region represents the area in which the curves of all subjects were found.
Correlations
Most of the significant correlations and trends (p < 0.05) we found were more evident in the kneeling 
results, in comparison with the squatting results. This was caused by lower standard deviations in the 
kneeling results. In general, standard deviations were relatively high in both activities, indicating high 
variability amongst subjects.
The maximal contact force during squatting was not statistically different from the maximal contact 
force during kneeling (p = 0.28) within our results. Thus, thigh-calf contact during both activities was 
comparable in trend and magnitude. The maximal thigh-calf contact force at the dominant leg (mostly 
the right leg) was statistically different from the maximal contact force at the non-dominant leg during 
squatting (p = 0.02) and kneeling (p = 0.04). Hence, roughly 60% of the maximal thigh-calf contact 
transferred through contact on the dominant leg (59% during squatting and 55% during kneeling).
As expected, we found that a subject's BM was significantly related to the maximal thigh-calf contact 
force (in Newtons) during both squatting (R = 0.73) and kneeling (R = 0.72). In addition, we found that 
the thigh and calf circumferences were significantly related to both the starting flexion angle of thigh- 
calf contact and the maximal contact force (in Newtons, Table 2.2). Hence, the larger the corpulence of 
the thigh and calf, the smaller the range of motion of the knee before the start of thigh-calf contact 
and the higher the maximal contact forces. A similar trend was found for the correlations between a
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subject's BMI and the maximal flexion angle during squatting (R = -0.81) and the maximal contact 
force during kneeling (R = 0.74).
Discussion
In the current study we measured the thigh-calf contact forces occurring during deep knee flexion. 
Both the thigh-calf contact force and the corresponding knee flexion angle were measured during two 
high-flexion activities: squatting and kneeling. It was shown that thigh-calf contact is substantial (> 
30% BW on one leg) and is likely to have a considerable effect on forces inside the knee joint.
Overall, the methodology used in this study functioned well, but there are some limitations. Keeping 
the pressure mapping sensor in place during squatting proved to be difficult. We wanted to record the 
entire contact area between thigh and calf and therefore the sensor had to be inserted as close to the 
posterior knee as possible and without folding it. During the squatting activity, the subjects had to 
keep the sensor in place manually, which possibly led to small variations in the results. Another 
limitation is the fact that both activities were rather unrestrained and subject dependent, which 
probably affected the experiment reproducibility. We tried to improve this reproducibility by repeating 
the activities during one recording as described in the methods.
The instrumentation used in this study also had some limitations. Firstly, the recording frequency of 
the Tekscan system was 8 Hz, which was low for our measurements. We tried to compensate this 
frequency by instructing the subjects to perform both activities with a low velocity and to hold the 
maximal flexion angle for a short period of time. Secondly, Tekscan sensors are designed to measure 
compressive forces. Shear forces may cause errors in the compressive stress measurements. However, 
the Tekscan Conformat used in this study differs from other Tekscan sensors (e.g. K-scan) and has been 
designed for comfort studies of seats and cushions. The Conformat is very flexible and allows almost 
shear stress free motion of the different sensor elements. Theoretically, the Conformat is therefore less 
sensitive to shear forces in comparison with other Tekscan sensors. However, we could find no reports 
in which this was validated. In the current application, the Conformat was subjected to an almost pure 
compression movement with minimal shear. Hence, cross-talk between shear and compression was 
most likely negligible in this study. Finally, it is reported that Tekscan sensor characteristics can slightly 
drift during measurements12. Although recent studies report acceptable accuracy compared to current 
standards such as Fuji film1113, we carefully conditioned the sensor before application following the 
instructions provided by the manufacturer. In addition, we determined the sensor linear calibration 
curves before and after the measurements to estimate the repeatability of our measurements.
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Deviations between both calibration curves were within 5% and therefore deemed acceptable for our 
purpose.
In this study we considered a relatively small group of young and healthy Western subjects with a 
relatively low body weight. If the results of this study were to be applied to Western TKR patients, one 
should realize that these patients often have a considerably higher BMI, which has significant effects 
on the thigh-calf contact mechanics as demonstrated in this study. In fact, this study indicates that 
thigh-calf contact load transfer may increase for TKR patients that typically have a higher BMI. Direct 
application of the results to Asian or Arabic TKR patients is probably more relevant as these patients 
have BMI's that are comparable to the subjects as measured in this study, although they are used to 
perform activities at higher flexion angles.
The maximal flexion angles measured in this study (151.8° during squatting and 156.4° during 
kneeling) are comparable to values we found in literature. Conditt et al4, Hefzy et al3 and Nagura et al8 
reported average maximal knee flexion angles of 155.8°, 157.3° and 155° respectively during kneeling 
measurements.
The average maximal thigh-calf contact forces were 34.2% BW during squatting and 30.9% BW during 
kneeling. Thigh-calf contact will substantially affect forces inside the knee, since its moment arm with 
respect to the epicondylar axis is large (15-17 cm) in comparison with the moment arm of, for instance, 
the quadriceps muscle (4-5 cm14). The exact effect, however, needs to be assessed in future 
biomechanical studies.
Conclusions
Outcome of this studies supports our hypothesis that thigh-calf contact is substantial (> 30% BW on 
one leg) and should not be neglected in calculations that focus on deep knee flexion. With the data 
presented in this study, more realistic high-flexion knee simulations can be obtained.
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Abstract
Recently, high-flexion knee implants have been developed to provide for a large range of motion 
(ROM > 120°) after total knee arthroplasty. Since knee forces typically increase with larger flexion 
angles, it is commonly assumed that high-flexion knee implants are subjected to larger loads than 
conventional knee implants. However, most high-flexion studies do not consider thigh-calf contact 
which occurs during high-flexion activities such as squatting and kneeling. In this study, we 
hypothesized that thigh-calf contact reduces the knee forces during deep knee flexion as the tibio­
femoral load shifts from occurring inside the knee towards the thigh-calf contact interface. Hence, the 
effect of thigh-calf contact on the knee loading was evaluated using a free body diagram and a finite 
element model and both the knee forces and polyethylene stresses were analyzed. Thigh-calf contact 
force characteristics from an earlier study were included and a squatting movement was simulated. In 
general, we found thigh-calf contact considerably reduced both the knee forces and polyethylene 
stresses during deep knee flexion. At maximal flexion (155°), the compressive knee force decreased 
from 4.89 to 2.90 x BW in case thigh-calf contact was included and the polyethylene contact stress at 
the tibial post decreased from 49.3 MPa to 28.1 MPa. Additionally, there was a clear correlation 
between a subject's thigh and calf circumference and the force reduction at maximal flexion due to 
thigh-calf contact (R = 0.89). The findings presented in this study can be used to optimize the 
mechanical behavior of high-flexion TKA designs.
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Introduction
Total knee arthroplasty (TKA) is a successful surgical procedure having good to excellent survival rates 
of roughly 95% after 10 years1-3. Due to the success of TKA, patients receiving a total knee replacement 
are currently younger and more active than patients in the past and post-operative range of motion 
(ROM) has become more important. So-called high-flexion knee implants have been developed to 
provide for a larger flexion range (ROM > 120°) after TKA than conventional implants (ROM < 120°). 
High-flexion designs are often based on successful conventional designs and have been adapted to 
endure the more extreme loading conditions occurring during high-flexion45. Since its recent 
introduction a wide variety of high-flexion implants have been developed such as the Sigma RP-F 
(DePuy, Warsaw, IN, USA), the Nexgen LPS Flex (Zimmer, Warsaw, IN, USA), the Scorpio Flex (Stryker, 
Kalamazoo, MI, USA), the Genesis II High Flex (Smith & Nephew, Memphis, TN, USA) and the Vanguard 
CKS (Biomet, Warsaw, IN, USA).
Finite element (FE) analysis is a good method to analyze knee mechanics. FE models have been used 
to investigate patello-femoral67 and tibio-femoral contact mechanics8-11. Recently, also high-flexion 
knee mechanics have been simulated using FE models1213. Obviously, the outcome of FE studies 
heavily depends on input parameters such as joint and muscle forces. Joint forces are often estimated 
by musculo-skeletal models using inverse dynamics. Knee forces reported in the literature differ 
noticeably and range from 2 to 7 times the bodyweight (BW) during deep knee flexion514-16. Prior FE 
studies typically show higher knee forces and polyethylene stresses with increasing flexion angles. 
Morra and Greenwald12 analyzed polyethylene loadings during several high-flexion activities. For 
various implant designs they demonstrated plastic deformation during a kneel-rise activity which was 
simulated using a compressive joint load of 4.4 x BW (135° of flexion).
A substantial part of the knee patients receiving a total knee replacement routinely perform deep knee 
flexion activities. Weiss et al17 demonstrated that 40% of the Western knee patient population included 
in their study performed high-flexion activities such as squatting, kneeling and gardening on a regular 
basis (more than twice per week). In addition, the orthopaedic market is flourishing in Asia and the 
Middle East where many activities are performed while squatting or kneeling18. During such high­
flexion activities posterior contact between the thigh and the calf occurs (Figure 3.1). Currently, there is 
no knee model which includes thigh-calf contact occurring during deep knee flexion. Thigh-calf 
contact may well reduce the loading of the knee as the tibio-femoral load transfer shifts from 
occurring inside the knee to the thigh-calf contact interface.
In an earlier study, we measured the thigh-calf contact load transfer using ten healthy subjects and we 
demonstrated that thigh-calf contact is substantial during squatting: ±35% BW on each leg19. In the
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current study, the effect of thigh-calf contact on the knee loading was studied using the contact 
characteristics measured previously. We hypothesized that thigh-calf contact reduces the loading of 
the knee during high-flexion as the joint load shifts from occurring inside the knee to the thigh-calf 
contact interface. Firstly, we analyzed the effect of thigh-calf contact at a global level by studying the 
knee force patterns using a free body diagram (FBD). Thigh-calf contact characteristics of a typical 
subject were incorporated in this model. Secondly, thigh-calf contact characteristics of all subjects 
measured earlier were included in the FBD to analyze correlations between corpulence related 
properties and the resulting joint forces. Finally, the effect of thigh-calf contact was studied on a more 
detailed basis by evaluating the loading of a polyethylene TKA component using a dynamic FE knee 
model.
Figure 3.1 Thigh-calf contact occurring during a high­
flexion squatting activity. The ground reaction force (Fgrf) 
produces a flexion moment around the knee joint. 
Consequently, the quadriceps muscle (Fquads) has to exert 
an extension moment around the knee to maintain the 
equilibrium. Thigh-calf contact (F contact ) limits knee flexion 
and generates an extension moment around the knee. 
Hence, in case thigh-calf contact occurs the quadriceps 
muscle force is reduced.
Materials & Methods
The effect of thigh-calf contact on the prosthetic knee loading was analyzed during squatting using 
both an FBD and an FE model of the human knee. Thigh-calf characteristics of a typical subject were 
included in both models to evaluate this effect.
Typical Thigh-Calf Contact Characteristics
The resultant thigh-calf contact force and its location on the tibia of a typical subject having a standard 
body mass (BM = 78 kg), body length (BL = 1.87 m) and body mass index (BMI = 22.3 kg/m2) were 
obtained from earlier thigh-calf contact force measurements19. For use in this study, the resultant 
thigh-calf contact force Ftc (in percentage BW) and the contact force location on the tibia Ltc (in meters)
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were expressed as functions of the knee flexion angle a (in degrees) using a polynomial data fitting 
technique (Eqs. 1-2):
Note that these equations apply to a flexion range of 125-155° of flexion as thigh-calf contact initiated 
at 125° of flexion for this typical subject and the maximal flexion angle the subject achieved was 155° 
of flexion.
Free Body Diagram
A two-dimensional sagittal FBD of the knee was developed to explore the effect of thigh-calf contact 
on the knee forces during knee flexion. Initially, the FBD of the lower limb was generated using a cut 
section through the knee joint (Figure 3.2). Several assumptions were made to simplify the FBD and 
the thigh-calf contact analysis. Firstly, heel-ground contact was assumed during the squatting 
movement and the ground reaction force was considered to be constant in magnitude (350 N) and to 
act through the ankle joint. Secondly, the hamstrings and gastrocnemius muscle were neglected since 
considerably lower forces have been reported for this muscle during squatting in comparison with the 
quadriceps muscle14. Thirdly, the collateral ligaments were neglected since they have little effect on 
the knee mechanics in the sagittal plane20,21. Finally, both cruciate ligaments were excluded as these 
ligaments are sacrificed during the posterior stabilized TKA as analyzed in this study (PFC Sigma RP-F).
Ftc = 4.7133 -10-2a2 -12.256 a + 798.68
Ltc = 6.9596 -10-6 a3 - 2.8729 -10-3 a2 + 0.39584 a -18.088 (2)
Figure 3.2 Free body diagram of the lower 
limb in the sagittal plane containing the 
following forces and moment arms: the ankle 
force (Fa), the patella tendon force (Fpt), the 
resultant thigh-calf contact force (Ftc), the knee 
joint forces (Fkx & Fky), the patella tendon 
moment arm (Lpt) and the thigh-calf contact 
moment arm (Ltc). The ankle force is directed 
towards the hip joint. P is the angle between 
the vertical and the tibial axis and was derived 
from the knee flexion angle using the cosinus 
rule and 5 is the orientation of the patella 
tendon with respect to the tibial axis.
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The lengths of the tibia and femur were taken from the CT-scan upon which the FE model used in this 
study was based (next paragraph). The orientation of the patella tendon and its moment arm were 
obtained from the simulations with the same FE model and matched values reported in literature2223. 
The accelerations of the segments were considered to be low as a relatively slow squatting activity was 
simulated in this study. All assumptions listed were integrated in the FBD which resulted in the static 
equilibrium equations given below (Eqs. 3-5; Figure 3.2):
Z  Fx = 0 ^  Fk< + Fptsin5-F sinp + Ftc = 0 (3)
Knee forces were computed during a downward squatting movement (ROM = 50-155°) both with and 
without typical thigh-calf contact included, respectively (Eqs. 1-2). Three different knee forces were 
examined to study the effect of thigh-calf contact: the compressive knee force, the shear knee force 
and the patella tendon force. All joint forces were normalized for BW.
The FBD was furthermore utilized to study correlations between corpulence related subject properties 
and the resulting knee forces. These correlations provide information of how the outcome of this study 
is to be applied to standard knee patients who typically have a higher BMI than the healthy subjects 
considered in the earlier study. Hence, subject specific knee forces were computed using the FBD and 
the individual thigh-calf contact characteristics measured earlier. The magnitude of the compressive 
and shear knee force reduction due to thigh-calf contact were normalized for BW for all subjects and 
evaluated at 150° of flexion which was the maximal flexion angle most subjects achieved (one subject 
was excluded). Correlations were determined between the BMI and the sum of thigh and calf 
circumference of the subjects and the knee force reduction due to thigh-calf contact using the 
Pearson's linear correlation coefficient for a 95% confidence interval.
Finite Element Model
A three-dimensional dynamic FE model of a prosthetic knee was used to evaluate the implications of 
thigh-calf contact on the polyethylene stresses during high-flexion. The FE model utilized in this study 
has previously been developed in the FE program Marc (MSC Software Corporation, Santa Ana, CA, 
USA). The model consisted of a distal femur, a proximal tibia and fibula, TKA components, a quadriceps 
and patella tendon and a non-resurfaced patella (Figure 3.3).
Z  Fy = 0 ^  Fptcos5 + F, c ° sP - Fky = 0
Z Mk = 0 ^  FptLpt + F,cL,c - (FsinP)Ltib = 0
(4)
(5)
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A detailed model description has been supplied earlier13. However, a short summary of the most 
important features is given here. High-flexion components of the posterior stabilized PFC Sigma RP-F 
(DePuy International, Leeds, UK) were integrated following the surgical procedure provided by the 
manufacturer. Hexahedral (brick) elements were used to model all bones and components, except the 
femoral component, which was modeled as a rigid body. In general, linear material models were used 
for all components, except for the polyethylene, which was modeled as an elastic-plastic non-linear 
material having an initial yield stress of 14 MPa24. Both the quadriceps and patella tendon were 
included and modeled as composite materials consisting of shell elements and non-linear line 
elements to represent the solid matrix and collagen fibers of these ligaments. Collateral and cruciate 
ligaments were not ignored for similar reasons as mentioned in the FBD description (previous 
paragraph). Tibio-femoral and patello-femoral contact were defined and the quadriceps tendon was 
able to wrap around the femoral component. Knee flexion was simulated by application of the ground 
reaction force similar to the FBD and releasing the quadriceps tendon incrementally.
Polyethylene stresses were computed using the FE model during a downward squatting movement 
(ROM = 50-155°) both with and without typical thigh-calf contact characteristics included, respectively 
(Eqs. 1-2). Three knee forces (the compressive, shear and patella tendon force) were determined using 
the FE model to assess whether these were concurrent with those predicted by the FBD. Furthermore, 
three polyethylene loading related parameters were studied: the equivalent Von Mises stress, the 
contact (normal) stress and the volume fraction of the polyethylene participating in plastic 
deformation.
Figure 3.3 The dynamic FE 
model utilized in this study. 
The model contains bones 
(the fibula, tibia and patella), 
TKA components and external 
loads (the ankle load Fa and 
thigh-calf contact Ftc). Flexion 
was simulated by applying the
patella ankle force (directed towards
the hip joint) and releasing the 
quadriceps tendon slightly per 
increment.
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Results
Free Body Diagram
Thigh-calf contact considerably reduced the joint forces during high-flexion (Figure 3.4a). The 
compressive knee force at maximal flexion (155°) calculated by the FBD decreased from 4.37 to 3.07 x 
BW and the shear knee force at maximal flexion reduced from 1.31 to 0.72 x BW. In general, the 
maximal joint forces shifted from occurring at maximal flexion to the initiation angle of thigh-calf 
contact at ±130° of flexion in case thigh-calf contact was included in the analyses.
Significant correlations were found between the sum of the thigh and calf circumference and the 
knee force reduction due to thigh-calf contact (Figure 3.5b) at the maximal flexion angle achieved by 
all subjects (150°) for both the compressive force (R = 0.89; p = 0.0015) and the shear force (R = 0.87; p 
= 0.0022). Correlations between the BMI of the subjects (Figure 3.5a) and the reduction in knee forces 
due to the posterior soft-tissue compression were less clear for both the compressive force (R = 0.68; p 
= 0.046) and the shear force (R = 0.67; p = 0.050).
70 80 90 100 110 120 130 140 150 160 70 80 90 100 110 120 130 140 150 160
Flexion Angle (°) Flexion Angle (°)
Figure 3.4 Joint forces normalized for BW computed by (a) the FBD and (b) the FE model. The black curves 
characterize the calculations with thigh-calf contact included and the grey curves with no thigh-calf contact 
included.
Finite Element Model
The joint forces computed by the FE model (Figure 3.4b) were in good agreement with those 
computed by the FBD model (Figure 3.4a). The compressive and shear knee force as well as the patella 
tendon force were comparable in trend and magnitude in both computations. For computations with 
the FE model, the compressive knee force at maximal flexion (155°) decreased from 4.89 to 2.90 x BW 
and the shear knee force at maximal flexion reduced from 0.95 to 0.41 x BW.
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Figure 3.5 Correlation plots of (a) the body mass index and (b) the sum of circumferences of thigh and calf versus 
the knee force reduction due to thigh-calf contact at 150° of flexion for all the subjects (BM range = 50.0-95.0 kg; 
BMI range = 17.1 -24.2 kg/m2).
As a consequence of the lower knee forces the FE predictions demonstrated that thigh-calf contact 
had a considerable effect on the prosthetic mechanics. Both the polyethylene Von Mises stress and 
contact stress decreased considerably at maximal flexion when thigh-calf contact was included (Figure
3.6). The Von Mises stresses reached peak values of 29 MPa at the post during simulations with and 
without thigh-calf contact. However, at maximal flexion, the maximal Von Mises stress decreased from 
29.08 MPa to 25.89 MPa at the dish and decreased from 24.83 MPa to 15.86 MPa at the post due to 
thigh-calf contact. Similar results were obtained for the maximal contact stress. At maximal flexion, the 
maximal contact stress decreased from 58.13 MPa to 53.82 MPa at the dish and decrased from 49.32 
MPa to 28.06 MPa at the post.
a
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Figure 3.6 Material stresses in the polyethylene at three different flexion angles: (a&b) 135°, (c&d) 150° and (e-h) 
155°. Figures on the left are obtained from simulations with no thigh-calf contact and figures on the right from 
simulations with thigh-calf contact included.
Plastic deformation of the polyethylene reduced in case thigh-calf contact was included in the model 
(Figure 3.7). In case no thigh-calf contact was assumed, the polyethylene volume fraction involved in 
plastic deformation gradually increased after 130° of flexion, whereas plastic deformation did not 
further accumulate during high-flexion in case thigh-calf contact was included. At maximal flexion
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(155°), the volume fraction participating in plastic deformation reduced from 10.3% to 8.64% due to 
thigh-calf contact.
Figure 3.7 Polyethylene volume fraction 
participating in plastic deformation in 
case thigh-calf contact was included or 
excluded during high-flexion.
Discussion
To the authors knowledge this study is the first effort to describe the effect of thigh-calf contact on the 
knee loading. Although the knee models described in this study are expected to be representative for 
the in-vivo situation, the models contain several assumptions which possibly affected the outcome. 
The maximal compressive knee force computed for squatting in this study corresponds to values 
reported earlier which range between 2 and 7 x BW5,14-16. However, recent studies focusing only on 
heels-down squatting report lower values of 2 to 3 x BW25-27. One major assumption we made in this 
study was heels-down squatting during which the ground reaction force was assumed to act through 
the ankle joint. Hence, the knee flexion moment resulting from the ground reaction force was 
relatively high compared to other studies where the ground reaction force was located more anterior 
during the heels-down squatting motion26. The knee flexion moment is furthermore influenced by 
anatomical parameters such as segment lengths and tendon moment arms and the amount of 
muscles described in the model. Due to the fact that we analyzed heels-down squatting and the ankle 
force acted through the ankle joint, the forces generated by the calf muscles (soleus and 
gastrocnemius) were neglected. Heels-down squatting is a common posture in Asian countries28 
which is an important high-flexion TKA market. In case we would have considered heels-up squatting, 
which is probably more common in Western countries, the force generated by mainly the 
gastrocnemius muscle would have an increasing effect on the general knee load. Overall, the joint 
force trends as described in this study are comparable to other studies27 and most likely thigh-calf
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contact has a similar effect during other deep squatting postures regardless the exact joint force 
magnitude.
There was a clear correlation between the sum of thigh and calf circumference and the resulting knee 
force reduction due to thigh-calf contact. Large thigh and calf circumferences promote the initiation of 
soft-tissue contact during deep knee flexion which results in a larger force reduction at maximal 
flexion. Hence, if the results of this study were to be applied to Western knee patients who typically 
have a high BMI29 and obese leg segments, these knee patients would benefit relatively more from the 
contact between thigh and calf during high-flexion. Bodyweight is related to obesity and an increase 
of the thigh and calf circumference implicate an increase in bodyweight and the global level of knee 
forces. The current study shows that thigh-calf contact can (partly) compensate for this force increase. 
Thigh-calf contact considerably reduces the knee forces at maximal flexion as demonstrated in this 
study. However, the global magnitude of the knee forces occurring during the entire flexion cycle 
were only slightly reduced by thigh-calf contact. For instance, the peak compressive knee force 
decreased from 4.45 x BW to 4.38 x BW and 4.89 x BW to 4.47 x BW computed by the FBD and FE 
model, respectively. Hence, the main point of this study is that high-flexion designs are based on the 
assumption that the highest forces are generated at maximal flexion angles. This study clearly shows 
that this assumption is not valid and that design criteria may need to be altered accordingly. The 
outcome of the current study support the hypothesis that the knee loads might not be as high as 
generally expected at maximal flexion. Therefore, reinforcement of high-flexion implants (e.g. metal 
pin in the tibial post in case of the Sigma RP-F) is questionable as conventional implants are often not 
reinforced and both implant types experience similar loads. In addition, since the highest forces did 
not occur during maximal flexion, but at lower flexion angles of approximately 130° of flexion, tibio­
femoral contact has to be optimized for these flexion angles to minimize polyethylene wear.
The maximal Von Mises stress of 29 MPa encountered in this study was comparable to values found in 
literature. D'Lima et al8 computed a maximal Von Mises stress of 30 MPa using an axial tibial load of 
3000 N (0° of flexion). Morra and Greenwald30 found a maximal Von Mises stress of 26 MPa in case a 
compressive tibio-femoral force of 2340 N (15° of flexion) was applied. Plastic deformation of the 
polyethylene insert was observed in this study during high-flexion which has also been shown by 
Morra and Greenwald12. Post-cam contact stresses reached peak values of 70 MPa in case thigh-calf 
contact was included (shear knee force = 0.7 x BW). The actual value of the peak contact stress is 
difficult to compare with other studies as it depends on the material model incorporated as well as the 
mesh density and the contact algorithm used. In general, polyethylene contact stresses reported in 
other studies are lower than described in this study. Morra and Greenwald et al12 computed a maximal 
contact stress of 32 MPa at the post using a shear knee force of 0.4 x BW (135° of flexion). Huang et al31
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computed a maximal contact stress of 59 MPa at the post using a shear force of 500 N (150° of flexion). 
For this purpose, we mainly evaluated the qualitative effect of thigh-calf contact and outcome 
differences between different simulations.
In conclusion, the current study confirms that thigh-calf contact reduces the knee forces in the high­
flexion range. Both the joint forces and the polyethylene stresses reduced considerably when thigh- 
calf contact was included. The findings presented in this study can be used to optimize the 
mechanical behavior of high-flexion TKA designs.
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Abstract
High-flexion knee replacements have been developed to accommodate a large range of flexion (> 
120°) after total knee arthroplasty. Both posterior cruciate ligament retaining and sacrificing high­
flexion knee designs have been marketed. The main objective of this study was to evaluate the 
biomechanical performance of a cruciate-retaining high-flexion knee replacement. Furthermore, the 
mechanical behavior of this high-flexion knee replacement was compared to both a cruciate-retaining 
conventional and a posterior-stabilized high-flexion knee replacement. A finite element prosthetic 
knee model was developed to analyze the mechanical performance of the knee designs evaluated in 
this study. Polyethylene stresses and the amount of femoral rollback were studied during a squatting 
movement (flexion < 150°). During deep knee flexion, the cruciate-retaining high-flexion design 
demonstrated a lower peak tibio-femoral contact stress (74.7 MPa) than the cruciate-retaining 
conventional design (96.5 MPa). The posterior-stabilized high-flexion design showed the lowest peak 
tibio-femoral contact stress at the condylar articulation (54.2 MPa), although the post was loaded 
higher (77.4 MPa). The knee designs analyzed in this study produced a similar amount of femoral 
rollback during normal knee flexion (flexion < 120°), whereas the cruciate-retaining designs showed a 
paradoxical anterior movement of the femoral condyles during high-flexion (flexion > 120°). The 
current study demonstrates a cruciate-retaining high-flexion knee replacement produces a lower 
prosthetic load than a conventional cruciate-retaining replacement during deep knee flexion. 
Compared to a posterior-stabilized high-flexion design, the cruciate-retaining high-flexion design 
demonstrated an equivalent prosthetic loading along with an inferior amount of femoral rollback in 
the high-flexion range. Posterior cruciate ligament balancing is an important surgical aim for high­
flexion knee arthroplasty.
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Introduction
The traditional goals of total knee arthroplasty (TKA) are pain relief and restoration of normal knee 
function. In addition, post-operative range of motion (ROM) has gained interest over the last decade. 
Several clinical studies have demonstrated that standard TKA components allow knee flexion up to 
120° of flexion1 which is not adequate for deep knee flexion activities such as squatting and kneeling. 
Hence, active knee patients experience limitations during these activities2. Furthermore, the TKA 
market is flourishing in non-Western countries, where daily living activities frequently involve large 
flexion angles such as squatting, kneeling and sitting cross-legged3. Recently, high-flexion knee 
implants have been developed to provide for a larger ROM (flexion > 120°) after TKA than conventional 
implants.
High-flexion knee implants are often based on successful conventional designs. In most cases, the 
posterior sagittal femoral geometry has been adapted to prevent the occurrence of polyethylene edge 
loading during deep knee flexion. Examples of high-flexion knee replacements are the Nexgen Flex 
(Zimmer, Warsaw, IN, USA), the Scorpio Flex (Stryker, Kalamazoo, MI, USA), the Genesis II High-Flex 
(Smith and Nephew, Memphis, TN, USA) and the PFC Sigma RP-F (DePuy, Warsaw, IN, USA). Apart from 
differences in design regarding the flexion range, knee implants also vary in the ability to substitute for 
posterior cruciate ligament (PCL) deficiency. Therefore, orthopaedic companies developed both PCL- 
retaining and PCL-sacrificing high-flexion knee replacements to meet the surgical demands. In PCL- 
sacrificing TKA designs, also referred to as posterior-stabilized designs, a post-cam feature replaces the 
function of the PCL.
The PCL, conserved during cruciate-retaining TKA, has been described to prevent posterior translation 
of the tibia and to contribute to femoral rollback during knee flexion4. Femoral rollback or posterior 
translation of the femoral condyles is essential to maximize knee flexion and to avoid posterior bone- 
implant impingement during deep knee flexion1. In earlier studies, it has been demonstrated that 
posterior-stabilized designs lead to a more substantial and predictable amount of femoral rollback 
than cruciate-retaining designs5. Furthermore, physiological PCL strain patterns in cruciate-retaining 
TKA have proven to be difficult to reproduce after surgery6. The PCL should not be too tight or too lax 
after surgery in order to obtain an adequate amount of femoral rollback7. A tight PCL may also lead to 
detrimental posterior polyethylene wear8. Obtaining physiological PCL functioning is a challenging 
surgical aim especially after cruciate-retaining high-flexion TKA, requiring more femoral rollback than 
conventional TKA.
In the past, kinematic studies compared cruciate-retaining with posterior-stabilized conventional knee 
replacements910. Recently, kinematic studies also analyzed cruciate-retaining high-flexion TKA systems
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in knee patients1112 and by using cadaveric measurements13. In addition, finite element (FE) models 
have proven their use to analyze TKA loading in the normal flexion range (ROM < 120O1415) and the 
high-flexion range (ROM > 120O1617). However, no FE models have been reported that focus on the 
effect of PCL functioning on the prosthetic knee load and kinematics during high-flexion.
The objective of this study was to investigate the effect of PCL retention on the biomechanical 
performance of a high-flexion knee replacement during deep knee flexion (ROM < 150O). Since FE 
models are adequate to analyze the prosthetic knee loading under weight-bearing conditions, an FE 
knee model was developed to analyze the mechanics of a cruciate-retaining high-flexion knee 
replacement. Both the amount of femoral rollback and the polyethylene stresses were evaluated for 
this implant type. Furthermore, the mechanical performance of the cruciate-retaining high-flexion 
knee replacement was compared to the behaviour of both a cruciate-retaining conventional and a 
posterior-stabilized high-flexion TKA design. More specifically, the main research questions addressed 
in this study were whether a cruciate-retaining high-flexion TKA design outperforms a cruciate- 
retaining conventional TKA design during deep knee flexion (ROM > 120O) and whether a cruciate- 
retaining high-flexion TKA design demonstrates a similar mechanical performance as a posterior- 
stabilized high-flexion design in terms of polyethylene stresses and femoral rollback.
Materials & Methods
An FE model of the prosthetic knee joint was used to analyze TKA kinematics and kinetics during deep 
knee flexion. The FE knee model has been used in earlier studies to analyze posterior-stabilized knee 
replacements only. For use in this study, the PCL was modeled and implemented in the FE knee 
model.
Finite Element Knee Model
Model Description
The three-dimensional dynamic FE knee model used in this study has previously been described1819 
and runs using the FE program Marc (MSC Software Corporation, Santa Ana, CA, USA). The FE knee 
model consisted of a proximal tibia and fibula, TKA components, a quadriceps and patella tendon, 
collateral ligaments, a non-resurfaced patella and a PCL (Figure 4.1).
In total three rotating platform TKA designs (Figure 4.2) from the same manufacturer (DePuy, Warsaw, 
IN, USA) were mechanically evaluated using the FE knee model. Firstly, the TKA components of a newly 
designed cruciate-retaining high-flexion knee replacement were integrated in the knee model (PFC 
Sigma CR150). Secondly, both a cruciate-retaining conventional (PFC Sigma CR) and a posterior-
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stabilized high-flexion knee replacement (PFC Sigma RP-F) were included in the FE knee model. The 
TKA systems were all incorporated following the surgical procedure using 0° of tibial slope.
Figure 4.1 The three-dimensional dynamic FE model 
used in this study. Different parts of the knee model 
have been pointed out as well as the boundary 
conditions (fixation of the quadriceps tendon, fixation of 
the femoral component and application of the ground 
reaction force Fgrf ).
Hexahedral (brick) elements were used to model the osseous tissues (tibia, fibula, patella) and the TKA 
components. However, the femoral component was modeled as a rigid body using only the surface 
description. The geometries of osseous tissues were taken from a CT-scan and the geometries of the 
prosthetic components were taken from CAD files provided by the manufacturer. Since it was outside 
the scope of this study to analyze bone-implant interaction, a simplified distribution of bone properties 
was included in the model. Homogeneous linear material properties of the cortical (E = 19 GPa) and 
trabecular bone (E = 120 MPa) were obtained from bone mineral density information derived from the 
CT-scan and the tibial tray was modeled as a linear material (E = 210 GPa). The polyethylene was 
modelled as an elastic-plastic non-linear material having an elastic modulus of 974 MPa and an initial 
Von Mises yield stress of 14.0 MPa. Nearly ideal plasticity was assumed for the polyethylene beyond 
Von Mises stress values of 29.5 MPa20. Knee ligaments and tendons were modeled as composite 
materials consisting of two-dimensional shell elements and non-linear line elements to represent the 
solid matrix and collagen fibers of the ligaments, respectively. The linear shell elements (E = 10 MPa) 
were used in the contact definition to allow for ligament-wrapping around bony and polyethylene 
surfaces. Collagen fibers of the different ligaments and tendons (excluding the PCL) were modeled as 
non-linear materials having a quadratic 'toe-region' and linear material behavior above a certain linear 
strain level according to Blankevoort et al21. The elastic modulus of the patella tendon (643.1 MPa), the 
lateral and medial collateral ligament (345.0 & 332.1 MPa) and the linear strain level (£ ~ 0.06) were 
derived from experimental data22,23.
a
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Frictionless tibio-femoral and patello-femoral contact were defined in the FE knee model as well as 
contact between the tibial tray and the polyethylene. A sensitivity study showed that friction had little 
effect on the polyethylene stress distributions. Furthermore, the tibial tray was fixed on the tibia using 
glued contact, mimicking cemented tibial fixation.
Figure 4.2 The three knee replacements analyzed in this study: (a) PFC Sigma CR, (b) PFC Sigma CR150 and (c) PFC 
Sigma RP-F. Design differences in posterior condylar geometry are clearly visible.
Boundary Conditions
The boundary conditions applied to the knee model were: 1) fixation of the femoral component, 2) 
fixation of the proximal ends of the quadriceps tendon and 3) application of the ground reaction force 
(Figure 4.1). During each simulation the tibia was loaded at the ankle level using a ground reaction 
force of 350 N (subject mass ~ 70 kg) and knee flexion was achieved by releasing the quadriceps 
tendon incrementally. Hence, the knee model was free to determine its own kinematics during a 
simulated squatting movement (ROM < 150°; flexion velocity ~ 12 °/s). Tibial rotation was limited by a 
torsion spring (k = 0.37 Nm/deg), replicating friction between the foot and the ground. Inclusion of 
this rotational restraint resulted in maximal 5 to 10° internal rotation during flexion reasonably similar 
to clinical observations. The model was numerically damped (c = 0.01 Ns/m) to prevent vibrations and 
numerical instabilities from occurring during the simulations. Trial simulations showed this numerical 
damping had virtually no adverse effects on the prosthetic load and kinematics. Each increment of 
knee flexion was considered to be converged when a convergence ratio of 0.01 was reached (residual 
forces < 0.01 x external forces).
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Convergence Analysis
The effect of mesh density changes on the calculated polyethylene stress distributions was evaluated 
using a simplified model of the high-flexion PFC Sigma RP-F in extension (Figure 4.3a). This implant 
was considered to be representative for the three TKA designs analyzed in this study since the sagittal 
geometry of the different designs was very similar in the normal flexion range. In this convergence 
analysis, the femoral component was compressed on the polyethylene using an axial force of 3600 N, 
identical to earlier polyethylene contact pressure measurements analyzing the same TKA design24. 
Both the peak Von Mises stress and the peak contact stress were evaluated for several polyethylene 
mesh densities (element edge length = 1, 2, 2.5, 5 & 10 mm). The peak Von Mises stress and contact 
stress converged to roughly 20 MPa (Figure 4.3b), which also has been reported by Shiramizu et al24. 
Small edge lengths (< 1 mm) were found to be more sensitive to local geometrical discontinuities 
slightly increasing the peak contact stress. Hence, an edge length in the range of 2 to 2.5 mm was used 
to model the TKA inserts.
Figure 4.3 Simplified TKA model used in (a) the convergence analysis and (b) the peak contact and Von Mises stress 
for several polyethylene mesh densities. The peak Von Mises stress smoothly converged to 20 MPa for smaller mesh 
densities, whereas the peak contact stress was somewhat more sensitive to local mesh discontinuities.
0
Posterior Cruciate Ligament Model
PCL Material Model
The PCL is a complex structure having non-linear material properties. In the current study, the most 
important PCL requirements were a non-linear stress-strain behavior due to fiber recruitment and 
strain rate dependency (visco-elasticity). It should be noted that velocities and accelerations were 
relatively low in the FE knee model.
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Spring-damper systems are frequently used in constitutive models to implement visco-elastic material 
behavior. Examples of spring-damper systems are the Maxwell model, Kelvin-Voigt model and the 
Standard Linear Solid model25. For use in this study, the Standard Linear Solid (SLS) was deemed 
appropriate since it is the simplest model to describe visco-elastic behavior including creep, stress­
relaxation and recovery and has been used by other research groups to model soft tissues26. The SLS 
model is shown (Figure 4.4) together with its constitutive relationship (Eq. 1 ).
Figure 4.4 Standard Linear Solid material model used to 
implement the visco-elastic behavior of the PCL. Extra 
damping was added to better match experimental data 
at higher strain rates.
Pioletti et al27 performed both tension tests at multiple strain rates and stress relaxation tests using 
human PCL specimens. Experimental data from both tests were used to fit the SLS model parameters 
(Ei, E2, ni) representing an average PCL. An extra damper had to be added to the SLS model (n2) to 
better match the experimental data at higher strain rates. In order to implement fiber recruitment, the 
SLS model parameters were made depending linearly on the strain level (Eq. 2).
(  E1  ^ds n1 do ds (1)
o = E1s +nJ 1+—  I----- -— +n2 —
1 \  E2 )  dt E2 dt dt
E1 = k1s + k2 = 129.0s +1.3 (2)
E2 = k3s = 24.0s
n1 = k4s = 1659.0s
n2 = k5s = 24.0s
PCL Anatomy
The PCL modeled in this study was divided into an antero-lateral and a postero-medial bundle. Similar 
to the other knee ligaments, the PCL bundles consisted of line elements to implement non-linear 
stress-strain behavior and shell elements used in the contact definition. Femoral and tibial attachment 
sites of the PCL bundles and bundle thickness were obtained from anatomical measurements28.
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PCL Zero Force Length
PCL balancing is another important factor to account for in the FE knee model used in this study. 
Variations in PCL laxity likely occur after surgery and determine the flexion angle at which the PCL 
starts to conduct force. The PCL should not be too tight or too lax in the FE knee model, which 
obviously affects the polyethylene stress level and the amount of femoral rollback. Mommersteeg et 
al29 studied the smallest ligament length at which the PCL starts to generate force during tension tests: 
the PCL zero force length (Lo). Based on this earlier study and some trial simulations, three different PCL 
zero force lengths (30.4, 34.0 and 37.6 mm) were implemented in the FE knee model to study the 
effect of PCL laxity on the TKA load during normal knee flexion (ROM < 120°). Inclusion of the PCL zero 
force length in the FE knee model redefined the PCL strain used in the SLS model by evaluating 
whether the PCL length was larger or smaller than the prescribed PCL zero force length (Eq. 3).
L(t) < L0 ^  £(t) = 0 (3)
L(t) > Lo ^  £(t) =
L 0
Finite Element Analysis Outcome Parameters
Based on the analysis of PCL laxity, a PCL having a zero force length of 34.0 mm was considered being 
balanced (see results section) and was used in the biomechanical comparison of the three TKA 
designs. The knee replacements were evaluated during a simulated squatting movement (45° < ROM 
< 150°) and three outcome parameters were assessed concerning the polyethylene loading: 1) the 
peak Von Mises stress, 2) the peak tibio-femoral contact stress and 3) the amount of femoral rollback. 
Both peak Von Mises and contact stress could be derived directly from the FE stress distributions. 
Femoral rollback was evaluated by studying the antero-posterior (AP) position of the centers of 
pressure on the medial and lateral compartment of the insert with respect to the posterior edge of the 
polyethylene. Subsequently, the AP-positions of the medial and lateral centers of pressure were 
averaged to obtain one single positional value.
0
Results
PCL Zero Force Length
The various PCL zero force lengths included in the FE knee model caused the PCL to start conducting 
force at different flexion angles (flexion = 50, 70 & 90°; Figure 4.5a). The highest maximal PCL force 
(1755 N) was observed for the shortest zero force length (30.4 mm) and considerably lower maximal
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PCL forces (859 & 402 N) were observed for the other zero force lengths of 34.0 mm and 37.6 mm, 
respectively (Figure 4.5a). In addition, the maximal PCL force affected the peak polyethylene contact 
stresses, which were 56.3 MPa, 35.6 MPa and 38.1 MPa for the different zero force lengths in increasing 
order. Simulations with the tightest PCL even led to the observation of 'booking' of the polyethylene 
during which the plastic insert lifted off anteriorly from the tibial tray (Figure 4.5b).
0 20 40 60 80 100 120 140 
Flexion Angle (°)
Figure 4.5 Differences in PCL force due to (a) variations in zero force length and (b) 'booking' of the polyethylene 
due to a tight PCL.
Peak Von Mises Stress
Both trend and magnitude of the peak Von Mises stress were relatively similar for all TKA designs due 
to plastic deformation leveling off the Von Mises stress. Overall, the peak Von Mises stress increased 
with the flexion angle and reached peak values of 29-30 MPa at the maximal knee flexion angle (Figure
4.6). In case of the cruciate-retaining designs the peak Von Mises stress was located at the condylar 
contact interface of the insert. However, for the posterior-stabilized high-flexion design the highest 
stress peaks were found at the post-cam articulation. Furthermore, the total Von Mises stress 
distribution area at final knee flexion was much larger for the posterior-stabilized high-flexion design 
due to the additional weight-bearing contact area (post-cam interaction).
Peak Contact Stress
In the normal flexion range (flexion < 120°) the three TKA designs demonstrated equivalent contact 
stress patterns as expected due to the nearly identical sagittal geometry in this flexion range (Figure 
4.7a). The peak contact stress was approximately 40 MPa for all TKA designs at 120° of flexion. During 
high-flexion (flexion > 120°), the conventional PFC Sigma CR demonstrated the highest contact stress 
at the condylar contact interface (96.5 MPa), followed by the PFC Sigma CR150 (74.7 MPa) and the PFC
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Sigma RP-F (54.2 MPa). However, the peak contact stress at the post observed for the PFC Sigma RP-F 
(77.4 MPa) was very similar to stress values encountered by the cruciate-retaining designs (Figure 4.7a). 
The posterior femoral condyles of the PFC Sigma CR started to dig into the polyethylene during high­
flexion, increasing the polyethylene contact stress and level of deformation.
Figure 4.6 (a-c) Von Mises stress distribution plots and (d-f) AP cross-sections of the lateral polyethylene 
compartment at 150° of flexion. From left to right: (a&d) PFC Sigma CR, (b&e) PFC Sigma CR150 and (c&f) PFC Sigma 
RP-F.
Femoral rollback
In general, the three TKA systems all demonstrated femoral rollback in the normal flexion range (Figure 
4.7b). The AP-position of the tibio-femoral contact points was comparable for the three TKA systems at 
120° of flexion: approximately 10 mm from the posterior edge of the insert. However, the posterior- 
stabilized knee design demonstrated more anterior movement in the beginning of the flexion cycle 
than the cruciate-retaining knee implants. Post-cam interaction clearly initiated at 100° of flexion. 
During deep knee flexion (flexion > 120°), both cruciate-retaining TKA designs demonstrated 
paradoxical anterior movement of the tibio-femoral contact points, neutralizing the amount of rollback 
produced in the normal flexion range. The posterior-stabilized high-flexion design continued to roll 
backwards during deep knee flexion (final AP-position = 7.6 mm). The anterior movement of the 
femoral condyles during deep knee flexion was somewhat smaller for the conventional cruciate- 
retaining design compared to the high-flexion cruciate-retaining design due to the fact that the 
femoral condyles dug into the polyethylene.
a
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Figure 4.7 (a) The peak contact stress and (b) the antero-posterior contact point location for the three TKA designs 
analyzed in this study.
Discussion
The aim of the current study was to evaluate the effect of PCL retention on the biomechanical 
performance of a high-flexion knee replacement. For this purpose, a PCL was modeled and included in 
an FE knee model containing a cruciate-retaining high-flexion knee replacement. Furthermore, the 
mechanical performance of the cruciate-retaining high-flexion knee replacement was compared to 
the behavior of both a cruciate-retaining conventional and a posterior-stabilized high-flexion TKA 
design.
In summary, the polyethylene stress level of the cruciate-retaining high-flexion design during deep 
knee flexion (ROM > 120°) was reduced with respect to the cruciate-retaining conventional design and 
was comparable to that produced by the posterior-stabilized high-flexion design. These results 
indicate that PCL retention does not necessarily lead to an increased loading of the polyethylene insert 
during deep knee flexion compared to posterior-stabilized TKA. However, the location where the 
highest polyethylene stresses occurred differed between the PCL-retaining and posterior-stabilized 
designs. The cruciate-retaining high-flexion TKA design produced the highest polyethylene stresses at 
the condylar contact interface, whereas the posterior-stabilized high-flexion design generated the 
highest stresses at the post. Although the TKA designs analyzed in this study all demonstrated femoral 
rollback in the normal flexion range (ROM < 120°), we found the femoral condyles of the cruciate- 
retaining TKA designs to move anterior during deep knee flexion. This femoral roll forward can be 
considered as a potential drawback for cruciate-retaining high-flexion TKA and it therefore seems 
highly important to balance the PCL with care.
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The FE knee model set-up as used in this study has been utilized in similar cadaveric knee tests, often 
based on the Oxford knee testing rig30. Although the FE knee model can be considered representative 
for the in-vivo situation, the knee model contains several limitations which possibly affected the 
outcome of this study. Firstly, the ground reaction force was assumed to act through the ankle joint, 
while the ground reaction force may be located more anterior in reality during heels-down squatting31. 
Hence, the knee flexion moment generated by our FE knee model may be somewhat higher 
compared to the in-vivo situation. However, the polyethylene contact stress calculated in this study 
was comparable to other studies16-17-24. Secondly, only the quadriceps forces were assumed to balance 
the flexion moment of the squatting posture. This obviously is a simplification of reality, although 
Dahlkvist et al32 showed that this may be a reasonable approximation. Thirdly, in an earlier study we 
evaluated the effect of thigh-calf contact during deep knee flexion and we demonstrated that this 
posterior soft-tissue compression has a considerable effect on the TKA load19. In this study, thigh-calf 
contact was not included in the FE knee model. Therefore, the polyethylene loading during high­
flexion was somewhat overestimated by the FE knee model. Overall, the FE knee model with all its 
strengths and limitations was used only for comparative analyses and mainly qualitative effects were 
analyzed in this study.
Balancing the PCL is a challenging surgical aim during TKA and, as this study showed, can have 
important implications if not done correctly. The effect of variations in PCL laxity as occurring after TKA 
was evaluated by inclusion of several PCL zero force lengths in the FE knee model according to 
Mommersteeg et al29. Based on the PCL laxity analysis, the outcome generated with a PCL zero force 
length of 34.0 mm appeared best-congruent with the literature. This specific zero force length caused 
the PCL to start to function at approximately 70° of flexion and resulted in a maximal PCL force of 859 
N. Earlier studies reported that the PCL has a strength in the range of 739 to 1878 N33 and that the 
flexion angle at which the PCL starts to conduct force ranges from 60 to 70° of flexion3435. Hence, the 
PCL having a zero force length of 34.0 mm was considered to be an adequately balanced PCL in our FE 
knee model. However, one should realize that this particular PCL zero force length may not be directly 
usable in other knee models as its appropriate length heavily depends on the knee anatomy and TKA 
components considered.
Inclusion of an excessively tight PCL led to increased polyethylene stresses and the observation of 
'booking' of the plastic insert, which has been described in clinical studies36. The extent to which an 
inappropriately balanced PCL is able to remodel shortly after TKA is uncertain. Some authors report 
that excessive pre-stress would quickly diminish due to visco-elastic properties and biological 
adaptation37. In any case, it seems advisable to optimally balance the PCL in the intra-operative 
situation, which may be facilitated using balancing instruments38 or computer navigation techniques.
63 <
Chapter 4 • •••
The paradoxical anterior movement of the femoral condyles as demonstrated in this study has been 
reported in clinical studies as well39. Terms such as 'paradoxical anterior movement' or 'roll forward' 
have frequently been used in the literature4041. Conversely, there are also studies which did report the 
occurrence of femoral rollback during deep knee flexion1113. However, one should be careful with 
comparing kinematic studies to one another as the definition of femoral rollback differs between 
studies. Some papers determine the amount of femoral rollback by analyzing the movement of the 
tibio-femoral contact points139, while others analyze the movement of the epicondylar axis during 
knee flexion13. In the simulations with the cruciate-retaining designs we clearly found the femoral 
condyles sliding forward during deep knee flexion, whereas the epicondylar axis remained more or less 
in place. The fact that we did not see a considerable amount of rollback in the cruciate-retaining high­
flexion design case may jeopardize the utility of this type of knee design at high-flexion conditions. 
Current knowledge shows that rollback is of eminent importance to provide enough space to allow for 
deep knee flexion without posterior bone-implant impingement1. It therefore seems recommendable 
to pay extra attention to intra-operative PCL balancing for patients that are anticipated to use their 
implant at high flexion angles.
Conclusions
The current study demonstrates that a cruciate-retaining high-flexion knee replacement produces a 
lower prosthetic load than a conventional cruciate-retaining replacement during deep knee flexion 
(ROM > 120°). Compared to a posterior-stabilized high-flexion design, the cruciate-retaining high­
flexion design demonstrated an equivalent prosthetic loading. However, the amount of femoral 
rollback produced by the cruciate-retaining high-flexion design was inferior compared to the 
posterior-stabilized high-flexion design. Posterior cruciate ligament balancing is an important surgical 
aim for high-flexion TKA.
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Abstract
Total knee arthroplasty (TKA) is a widely used and successful orthopaedic procedure. During TKA, the 
posterior cruciate ligament (PCL) can either be retained or substituted by a post-cam mechanism. One 
of the main functions of the PCL is to facilitate femoral rollback during knee flexion. For adequate PCL 
functioning, the PCL should be balanced correctly after TKA. A tight PCL leads to more femoral rollback 
at the expense of a higher joint compression and potential polyethylene wear. Frequently used 
surgical techniques to balance a tight PCL are PCL release and increasing the posterior tibial slope. The 
objective of this study was to evaluate the effects of variations in PCL properties and balancing 
techniques on the mechanical outcome of a total knee replacement during a weight-bearing 
squatting movement (flexion range = 45-150°). For this purpose, a prosthetic finite element knee 
model was developed including a PCL having adjustable properties. Varying the PCL stiffness and PCL 
steepness (elevation angle) with respect to the tibial plateau considerably affected the TKA loading 
characteristics. Both a relatively high PCL stiffness and a low elevation angle at the start of the flexion 
cycle led to a high PCL force (1400-1500 N) and a high peak polyethylene contact stress of roughly 52 
MPa during deeper knee flexion (120°). Releasing the PCL with roughly 4 mm or increasing the 
posterior tibial slope to 7° reduced the PCL force to 300-400 N and the polyethylene peak contact 
stress to 35-42 MPa at 120° of flexion. The femoral rollback patterns during deep knee flexion were only 
marginally affected when extra posterior tibial slope was added, whereas additional PCL release 
resulted in paradoxical anterior movement of the femur.
> 68
Numerical Analysis PCL Properties & Balancing Techniques on TKA Loading
Introduction
Total knee arthroplasty (TKA) is one of the most successful surgical procedures in current orthopaedics 
having excellent long-term results1. In general, two types of implant designs are used in TKA: cruciate- 
retaining and cruciate-sacrificing. In cruciate-retaining implants the posterior cruciate ligament (PCL) is 
spared while in cruciate-sacrificing designs the PCL is resected and mostly substituted by a post-cam 
mechanism taking over the PCL function. Both the anatomy and function of the PCL have extensively 
been studied in the past. The PCL attaches to the central posterior aspect of the proximal tibia and the 
lateral side of the medial femoral condyle close to the intercondylar notch2. One of the main functions 
of the PCL is to facilitate posterior translation of the femoral condyles during knee flexion, which is 
known as femoral rollback3. Femoral rollback is essential to create flexion space at the posterior side of 
the knee avoiding tibio-femoral bony impingement during deep knee flexion4. Furthermore, femoral 
rollback is known to increase the quadriceps efficiency5.
Although knee implants used in TKA have improved considerably over the last decades, conservation 
of the PCL is still a subject of discussion. Proponents of PCL conservation argue that sparing the PCL 
leads to more physiological knee kinematics, less bone resection, lower shear loads on the knee 
replacement and maintenance of proprioception3. However, for a physiological knee function after 
TKA, the PCL should be balanced correctly which is a complex surgical goal to achieve. A tight PCL 
leads to more femoral rollback than a slack PCL at the expense of a tighter flexion gap, higher joint 
compression and potential polyethylene wear6. Hence, a surgeon has to weigh these factors carefully 
during TKA. Furthermore, PCL properties such as the ligament stiffness, slack length and anatomy vary 
per patient78 which makes PCL balancing complicated to standardize and dependent on surgical 
expertise. Due to the complexity of PCL balancing, PCL-functional variations are likely to occur after 
TKA, which is supported by the more inconsistent knee kinematics reported for cruciate-retaining 
designs compared to cruciate-sacrificing designs9.
PCL tightness is a common intra-operative observation10. There are multiple ways to check for PCL 
tightness during TKA. In most cases, over-tension of the PCL is diagnosed intra-operatively by 
balancing the flexion and extension gap first and then testing the knee joint for extreme femoral 
rollback and joint tightness during flexion tests using trial components11. During such flexion tests, the 
plastic tibial trial component may lift off from the tibial tray in severe cases of PCL tightness, which is 
referred to as 'booking'12. Several techniques have been proposed to resolve a tight PCL. Examples of 
such techniques are partially releasing the PCL at the tibial insertion site13 and adding more posterior 
tibial slope14-15.
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Post-operative functioning of the PCL affects both the prosthetic knee kinematics and loading. Finite 
element (FE) knee models have been used in the past to evaluate such outcome parameters. FE 
models are adequate to analyze the loading of a knee replacement during weight-bearing activities 
and to perform comparative analyses. For example, Morra and Greenwald16 analyzed the loading of a 
variety of knee implants during weight-bearing activities such as stair climbing and squatting. In 
addition, FE knee models have been generated in the past including knee ligaments such as the PCL17. 
However, no FE studies have been published about the mechanical interaction between the PCL and a 
total knee replacement.
The objective of this study was to evaluate the effects of variations in PCL properties and balancing 
techniques on the mechanical outcome of a total knee replacement during a weight-bearing 
squatting movement (flexion range = 45-150°). For this purpose, a prosthetic FE knee model was 
developed including a PCL having adjustable properties. Firstly, the effect of variations in anatomical 
and mechanical PCL properties on the prosthetic knee performance was studied. Both the ligament 
stiffness and the femoral insertion location were varied in the FE knee model using experimental data. 
Changing the position of the femoral insertion site resulted in PCLs having a different steepness 
(elevation angle) with respect to the tibial plateau at the start of the flexion cycle and, subsequently, an 
altered mechanical line of action. Secondly, the effect of PCL balancing due to partial ligament release 
and adding posterior tibial slope was analyzed to evaluate which balancing technique is 
biomechanically preferable in case of PCL tightness.
Materials & Methods
The FE knee model utilized in this study has been described previously1819. For use in this study, both a 
cruciate-retaining total knee replacement and a PCL having adjustable properties were included in the 
FE knee model.
Finite Element Knee Model
The FE knee model consisted of a proximal tibia and fibula, TKA components, a quadriceps and patella 
tendon, a non-resurfaced patella and a PCL (Figure 5.1). Prosthetic components of the cruciate- 
retaining high-flexion PFC Sigma CR150 rotating platform TKA design (DePuy International, Leeds, UK) 
were integrated in the knee model following the surgical procedure using 0° of posterior tibial slope. 
Hexahedral deformable elements were used to model the osseous tissues and prosthetic parts. 
However, the femoral component was modeled as a rigid body using the surface description only. The 
geometries of the tibia, fibula and patella were taken from a CT-scan and prosthetic geometries were
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taken from CAD files provided by the manufacturer. Only a simplified distribution of bone properties 
was included in the knee model since it was outside the scope of this study to analyze bone-implant 
interaction. For this reason, homogeneous linear material descriptions were used to model the cortical 
bone (E = 19 GPa) and trabecular bone (E = 120 MPa) based on the bone mineral density information 
derived from the CT-scan. The tibial tray was modeled as a linear material (E = 210 GPa) and the 
polyethylene was modeled as an elastic-plastic non-linear material having an elastic modulus of 974 
MPa and an initial yield stress of 14.0 MPa20. Nearly ideal plasticity was assumed beyond Von Mises 
stress values of 29.5 MPa.
tibial coordinate systems used to define the PCL attachment locations. The local coordinate systems were defined 
in the FE knee model using the CT-scan the model was based on. The origin of the femoral coordinate system was 
located at the femoral notch, the x-axis was directed towards the hip centre, the y-axis in the medial direction 
(parallel to the epicondylar axis) and the z-axis was set perpendicular on these axes. The origin of the tibial 
coordinate system was located at the deepest point of the intercondylar spine, the x-axis was directed towards the 
ankle centre, the y-axis in the medial direction and the z-axis was set perpendicular on these axes. The PCL 
elevation angle (a) with respect to the tibial plateau has also been depicted.
The quadriceps tendon, patella tendon and PCL were modeled as composite materials consisting of 
two-dimensional shell elements and line elements to represent the solid matrix and collagen fibers of 
the ligaments, respectively. The line elements were used to implement the non-linear elastic behavior 
of the ligaments and the shell elements, having a low stiffness (E = 10 MPa), were used in the FE
F g r f
Figure 5.1 The three-dimensional dynamic FE knee model used in this study together with the local femoral and
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contact definition to allow for wrapping around osseous and prosthetic surfaces. Hence, the 
quadriceps and patella tendon were modeled as non-linear materials having a quadratic 'toe-region' 
and a linear elastic modulus outside this region2122 and the non-linear material model of the PCL was 
based on experimental data23 (next section).The locations of the femoral and tibial PCL attachment 
sites were obtained from intra-operative anatomic measurements24. Frictionless tibio-femoral and 
patello-femoral contact were defined in the model and the polyethylene platform was able to rotate 
on the tibial tray which was fixed on the tibia. Simulations were performed using the FE program Marc 
(MSC Software Corporation, Santa Ana, CA, USA). For each PCL variation analyzed in this study, a 
squatting motion was simulated which started around 45° of flexion and ended at 150°, which is the 
maximal flexion angle the TKA system evaluated in this study has been designed for.
The boundary conditions applied to the knee model were: 1) fixation of the femoral component, 2) 
fixation of the proximal ends of the quadriceps tendon, and 3) application of the ground reaction force 
(Figure 5.1). The tibia was loaded at the ankle level using a ground reaction force of 350 N (subject 
mass = 70 kg) and knee flexion was achieved by releasing the quadriceps tendon incrementally. 
Hence, the knee model was free to determine its own kinematics during a simulated squatting 
movement. The start of the flexion cycle (45-60° of flexion) was used to initialize the simulation by 
incrementally applying the ground reaction force. More specific modeling details, such as damping 
applied to the model and meshing parameters chosen, have been described in an earlier study19.
Table 5.1 Simulations Overview
PCL variations PCL stiffness“ PCL elevation PCL releaseb Tibial slope
P1 P2 P3 55° 60° 65° R0 R1 R2 0° 3° 7°
PCL properties
1 PCL stiffness • • • • • •
2 PCL elevation • • •  • • •
PCL balancing
3 PCL release • • • • • •
4 Tibial slope • • • • • •
a Three PCL stiffness variations were evaluated: a stiff PCL (P1), a mean PCL (P2) and a compliant PCL (P3). 
b Three consecutive PCL releases were evaluated: no release (R0), release 1 (R1) and release 2 (R2).
Posterior Cruciate Ligament Variations
Variations in mechanical PCL properties (i.e. ligament stiffness and elevation angle) and PCL balancing 
techniques (i.e. PCL release and adding posterior tibial slope) were incorporated in the FE knee model
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to analyze the effect on the TKA load. In case the effect of one parameter was evaluated the other 
parameters were kept at a constant value (Table 5.1).
PCL Properties: Stiffness
Mechanical properties of the PCL such as its stiffness are known to vary per subject7 and directly affect 
the PCL stress and force generated during knee flexion. Pioletti and co-workers23 performed tension 
tests at multiple strain rates using human PCL specimens. The results from these tests demonstrated 
that the PCL stiffness and stress depend on both the level of deformation and the deformation rate. In 
the current study, variations in PCL stiffness were implemented in the FE knee model by defining a PCL 
material model, fitting this model to the experimental data obtained by Pioletti and colleagues23 and 
applying this material model to the PCL line elements included in the model. For this purpose, a third 
order polynomial interpolation function (Eq. 1) was defined to describe the PCL stress (a) depending 
on both the strain level (e) and strain rate level (de/dt). The cross-sectional area of the PCL was set a 
constant value (132.65 mm) in the FE knee model23. Several fitting parameters from this interpolation 
function (b, d ,i, j) were set to zero since the ligament stress was assumed to be zero for a non­
deformed case. The remaining parameters (a, c, e, f, g, h) were fitted using the experimental data and 
the least square method.
a(e,de/dt) = ae3 + b (de/dt)3 + ce2 + d (de/dt)2 + ee (de/dt)2 + fe2(de/dt) + ge (de/dt) + he + i (de/dt) + j 
= ae3 + ce2 + ee (de/dt)2 + fe2(de/dt) + ge (de/dt) + he
Table 5.2 PCL Material Model Parameters
Parameters" Stiff PCL 
(P1)
Mean PCL 
(P2)
Compliant PCL 
(P3)
a 520.7987 205.5631 86.4581
c 271.4009 128.3098 48.4968
e 5.8818 -3.1969 -16.2238
f 406.4391 160.5303 36.9160
g 15.0651 14.0614 16.5562
h 2.7455 2.2173 0.8118
a See Equation 1.
Using this fitting strategy three typical PCL characteristics were obtained: a relatively stiff PCL (P1), an 
average PCL (P2) and a relatively compliant PCL (P3). The corresponding interpolation parameters are 
listed in Table 5.2.
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PCL Properties: Elevation Angle
The PCL steepness or elevation angle has been defined as the angle between the PCL and the tibial 
plateau in the sagittal plane25. The PCL elevation angle likely affects knee mechanics as this angle 
determines the mechanical line of action of the PCL. Intra-operative anatomic measurements of 50 
PCLs in 50 knees (27 right, 23 left knees) were used to define the PCL attachment locations in the FE 
knee model24. The average femoral and tibial attachment locations expressed in their local coordinate 
systems (Figure 5.1) are listed in Table 5.3. Since the mean antero-posterior dimension of the knees 
measured intra-operatively was larger (70.0 mm) than the TKA system analyzed in this study (61.0 mm), 
the intra-operative PCL data were scaled down to match the FE knee model. Variations in PCL 
elevation angle (indicated by a in Figure 5.1) were implemented in the FE knee model by fixing the 
average tibial attachment location and varying the average femoral attachment location. Altering the 
femoral attachment by a standard deviation in the proximal and distal femoral axial direction resulted 
in three reasonably different elevation angles: a relatively flat PCL, an average PCL and a relatively steep 
PCL having elevation angles (a) of 55, 60 and 65°, respectively at the start of the simulation (45° of knee 
flexion). The elevation angles implemented in this study were similar to values reported in the 
literature25-26.
Table 5.3 Mean PCL Attachment Locations
PCL attachment centers3 X-location Y-location Z-location
(mm) (mm) (mm)
Femoral 10.67 ± 4.12 -7.87 ± 2.51 -25.03 ± 4.69
Tibial 2.96 ± 3.06 2.40 ± 4.18 -16.32 ± 5.19
a Mean values and standard deviations are given. The local femoral and tibial coordinate systems are shown in 
Figure 5.1.
PCL Balancing: Ligament Release
Ligament release is a frequently used surgical strategy to balance a tight PCL by increasing its laxity13. 
Mommersteeg and co-workers27 studied the laxity of the PCL during tension experiments and 
described the smallest ligament length at which the PCL starts to generate force: the PCL zero force 
length (L0). Based on their study, ligament release was included in the FE knee model by checking 
whether the current PCL length was larger than the zero force length specified at the start of the 
simulation, which redefined the strain used in the PCL material model (Eq. 2):
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L(t) < L0 ^  £(t) = 0 (2)
L(t) > L0 ^  £(t) =
A non-released PCL having a zero force length of 30.3 mm (R0) and stiff PCL properties (P1) was 
selected as a starting point to evaluate the effect of this balancing technique (Table 5.1). Furthermore, 
two successive PCL releases were included in the FE knee model having zero force lengths of 32.0 mm 
(R1) and 34.0 mm (R2), respectively. The three zero force lengths used in this study caused the PCL to 
start generating force at 50, 70 and 90° of flexion, respectively.
PCL Balancing: Tibial Slope
Another common surgical treatment to balance a tight PCL is to add posterior slope when cutting the 
tibia1415. The standard tibial resection angle used in this study was 0° of posterior tibial slope. To 
evaluate the effect of adding more posterior tibial slope, the FE knee models were expanded with 
tibial slopes of 3° and 7°. These values matched tibial slope standards described in surgical instructions 
and have been used in other studies28. Again, a non-released stiff PCL characteristic was selected as a 
starting point to analyze the effect of adding more tibial slope (Table 5.1).
Outcome parameters
Four outcome parameters were evaluated to study the effect of PCL variations on the TKA load and 
kinematics: 1) the PCL force, 2) the peak polyethylene Von Mises stress, 3) the peak polyethylene 
contact stress and 4) the antero-posterior (AP) tibio-femoral contact point location. The PCL force and 
polyethylene stresses were derived directly from the FE force and stress distributions. The AP contact 
point location, giving information about the amount of femoral rollback, was determined by 
evaluating the AP position of the medial and lateral tibio-femoral centers of pressure with respect to 
the most posterior edge of the polyethylene. Subsequently, the AP locations of the medial and lateral 
centers of pressure were averaged to obtain one single positional value.
Results
PCL Properties Variations
PCL Force
Varying the PCL stiffness and elevation angle considerably affected the PCL force computed by the FE 
knee model (Figure 5.2). As expected, a stiff PCL demonstrated a higher PCL force during the flexion 
cycle than a more compliant PCL. However, the PCL force was even more affected by the PCL
a
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elevation angle. At 120° of knee flexion, the largest PCL force was observed for a flat PCL (1544 N) 
followed by a stiff PCL (1361 N), an average PCL (853 N), a compliant PCL (444 N) and a steep PCL (267 
N). In the high-flexion range (flexion > 120°), the force magnitude produced by a flat PCL led to 
excessive polyethylene deformation and a numerically instable situation at 135° of flexion. Hence, the 
PCL force did not further increase for this PCL variation. The other PCL variations all demonstrated 
increasing PCL forces during high-flexion with a maximum value for a stiff PCL (1835 N) at nearly 150° 
of flexion.
Figure 5.2 The PCL force versus knee flexion for variations in (a) PCL stiffness and (b) elevation angle. During the PCL 
stiffness tests the elevation angle was kept at a constant value (60°) and when testing the effect of elevation angle 
variations the PCL stiffness was kept at a mean value (P2). Instable end of the flat PCL simulation due to excessive 
polyethylene deformation has been marked (*).
Figure 5.3 The antero-posterior contact location versus knee flexion for variations in (a) PCL stiffness and (b) 
elevation angle. Instable end of the flat PCL simulation due to excessive polyethylene deformation has been 
marked (*).
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Antero-Posterior Contact Location
Similar trends were observed for the AP contact location results (Figure 5.3). In general, an increased 
PCL force resulted in a higher amount of posterior translation of the AP contact point (femoral 
rollback). At 120° of flexion, the most posteriorly located AP contact point was produced by a flat PCL 
(6.0 mm), followed by a stiff PCL (7.9 mm) and the most anteriorly located AP contact point was 
produced by a steep PCL (12.8 mm). Furthermore, each PCL variation, excluding a flat PCL, 
demonstrated anterior translation of the AP contact point in the high-flexion range.
Polyethylene Stress Distributions
The effect of additional polyethylene compression due to PCL force increase in case of a stiff and flat 
PCL variation was clearly visible in the polyethylene stress distributions (Figure 5.4a-d). The degree of 
compression produced by the stiff and flat PCL variations led to 'booking' of the polyethylene, during 
which the plastic insert lost contact with the tibial tray at the anterior side (Figure 5.7a). At 120° of 
flexion, the highest peak Von Mises stress was observed for a flat PCL (29.5 MPa), followed by a stiff PCL 
(27.5 MPa) and the lowest peak Von Mises stresses were produced by a compliant (22.1 MPa) and a 
steep PCL (21.4 MPa). Comparable results were found for the peak contact stress at 120° of flexion. The 
highest peak contact stress was observed for a flat PCL (51.8 MPa), followed by a stiff PCL (51.6 MPa) 
and both a compliant and a steep PCL showed the lowest peak contact stress (42.8 and 42.5 MPa). 
During high-flexion, the highest peak contact stresses were observed for a flat PCL (84.7 MPa) and a 
stiff PCL (70.1 MPa).
0
2 8 14 20 26 32 MPa
Figure 5.4 Polyethylene Von Mises stress distributions at 120° of flexion due to variations in (a-b) PCL stiffness, (c-d) 
elevation angle and (e-f) PCL balancing techniques. A non-released PCL having a relatively stiff material properties 
served as a starting point to examine the effect of (e) PCL release and (f) posterior tibial slope.
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PCL Balancing Variations
PCL Force
Both releasing the PCL and adding more posterior tibial slope substantially reduced the PCL force 
computed by the FE knee model (Figure 5.5). At 120° of flexion, the two consecutive PCL releases 
reduced the PCL force from 1361 N (no release) to 805 N and 412 N, respectively. Incorporation of 
posterior tibial slopes of 3° and 7° reduced the PCL force to 630 N and 284 N. Furthermore, the flexion 
angle at which the PCL started to generate force was clearly affected by both PCL balancing 
techniques and varied between 50° and 90° of flexion.
60 80 100 120 140 160 60 80 100 120 140 160
Flexion Angle (°) Flexion Angle (°)
Figure 5.5 The PCL force versus knee flexion for variations in (a) PCL release and (b) posterior tibial slope. During the 
PCL release analyses the tibial slope was kept at a constant value (0°) and when testing the effect of tibial slope 
variations no PCL release was included (R0).
Figure 5.6 The antero-posterior contact location versus knee flexion for variations in (a) PCL release and (b) posterior 
tibial slope.
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Antero-Posterior Contact Location
The amount of femoral rollback decreased due to the lower PCL forces produced by the different PCL 
balancing techniques (Figure 5.6). At 120° of flexion, the AP contact point moved anteriorly from a 
position of 7.9 mm (no release) with respect to the posterior polyethylene edge to 11.5 mm and 9.5 
mm for the maximal PCL release and posterior tibial slope, respectively. During further knee flexion, the 
AP contact point even moved more anteriorly for increasing PCL releases, while the AP contact point 
location seemed to converge for larger posterior tibial slopes.
Polyethylene Stress Distributions
Both releasing the PCL and adding more tibial slope reduced the overall polyethylene stress level 
(Figure 5.4e-f). In addition, severe 'booking' of the polyethylene did not occur when the PCL was 
balanced by release or adding posterior tibial slope. At 120° of flexion, releasing the PCL reduced the 
peak Von Mises stress from 27.5 MPa (no release) to 24.6 MPa and 22.1 MPa for the two consecutive 
PCL releases. Adding extra posterior tibial slope reduced the peak Von Mises stress from 27.5 MPa to 
23.6 MPa and 19.9 MPa for 3° and 7° of tibial slope, respectively. Furthermore, the peak contact stress 
produced by the non-released PCL (51.6 MPa) reduced with roughly 10-15 MPa at 120° of flexion in 
case the maximal PCL release or posterior tibial slope was applied. Similar stress relief patterns were 
observed for larger flexion angles.
Discussion
The objective of this study was to investigate the effect of variations in PCL properties and balancing 
techniques on TKA mechanics during weight-bearing knee flexion (< 150°). For this purpose, a PCL 
having adaptable functional properties was incorporated in a dynamic FE knee model containing a 
high-flexion cruciate-retaining total knee replacement. The results obtained with this FE knee model 
show that small variations in PCL stiffness and elevation angle, as present within a TKA patient 
population, considerably affect the PCL behavior and TKA loading characteristics. Both a relatively high 
PCL stiffness and a small elevation angle at the start of the flexion cycle led to high PCL forces and 
polyethylene stresses during deep knee flexion. The PCL elevation angle, in this study implemented by 
varying the location of the femoral attachment site, affected the PCL force and TKA loading the most. 
Decreasing the PCL elevation angle from 60 to 55° at the start of the simulation, resulted in roughly 
80% PCL force increase and 40% extra femoral rollback at 120° of flexion (Figure 5.2 and 5.3). The PCL 
force increase for smaller elevation angles can be explained by the increased distance between the 
femoral attachment site and the knee center of rotation, leading to higher PCL strains during flexion. In
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addition, the antero-posterior component of the PCL force is larger for smaller elevation angles, which 
increases the PCL efficiency in this direction. Furthermore, the results from this study show that both 
partially releasing the PCL and adding more posterior tibial slope are adequate methods to balance a 
tight PCL and to relieve a knee implant. Adding posterior tibial slope, contrary to partial PCL release, 
only slightly decreased the amount of femoral rollback during deep knee flexion.
Although the FE knee model used in this study mimics the in-vivo situation, the model contains 
limitations one should realize when interpreting the results. First of all, the ground reaction force was 
applied at the ankle joint in our FE knee model. Similar loading set-ups have been used in cadaveric 
knee testing rigs29. However, in reality the ground reaction force is located somewhat more anteriorly 
during a squatting movement such as simulated in this study30. Hence, the flexion moment and level 
of joint compression due to the ground reaction force was relatively large in this FE study (4-5 times 
bodyweight). Secondly, only the quadriceps muscle was assumed to balance the flexion moment 
caused by the ground reaction force. Even though the quadriceps muscle is the main knee extensor, 
omission of muscle groups such as the hamstrings might have affected the results presented in this 
study. Moreover, due to the absence of posterior soft-tissues, contact between thigh and calf during 
high-flexion was neglected in the FE model. Thigh-calf contact is known to reduce the knee load 
during deep knee flexion18 and may well reduce the PCL force in the high-flexion range. Thirdly, 
although the collateral ligaments are known to provide stability to the knee joint, they were not 
represented in the FE knee model to save computation time. Trial simulations showed exclusion of 
these ligaments had virtually no effects on both the TKA loading and kinematics as relatively stable 
boundary conditions were applied to the model. Fourthly, due to the relatively high joint compression 
in our FE knee model, the overall level of plasticity in the polyethylene was high and material stresses 
were leveled off during knee flexion. Therefore, the polyethylene Von Mises stress differences between 
the several PCL variations were not as large as expected. Furthermore, the peak contact stress was 
found to be sensitive to local mesh discontinuities. For this reason, high peak values corresponding to 
less than 1% of the total tibio-femoral contact area were filtered out. Contact stress versus contact area 
histograms were made to determine whether filtering these outliners was acceptable. Lastly, the effect 
of repeating the same loading cycle on the PCL force and TKA load was not analyzed in this study. 
Some authors suggest a cruciate ligament pre-stress can reduce in time due to stress-relaxation31. 
However, the time required for in-vivo relaxation and remodeling is unknown and therefore adequate 
PCL balancing remains vital at least for the direct post-operative period. Due to the limitations listed 
here, the FE knee model with all its strengths and weaknesses was used in comparative analyses and 
mainly qualitative effects were considered in this study.
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Besides the limitations listed above regarding the FE knee model, another important factor that should 
be taken into account while analyzing the results presented in this study, is the fact that only one TKA 
design was evaluated. The high-flexion cruciate-retaining knee implant analyzed in this study had a 'J'- 
curved sagittal femoral geometry and a highly conforming tibial component (mobile bearing). 
Although the design concept of current implants is more or less similar for every TKA system, small 
changes in femoral and tibial geometry may affect the TKA loading, knee kinematics and the PCL force 
during knee flexion. For instance, the amount of femoral rollback may be higher for fixed bearing 
designs as these knee implants are usually less constraining, at the expense of a higher polyethylene 
contact stress due to the lower tibio-femoral conformity. Therefore, one should be careful when 
extrapolating the results presented in this study to other TKA designs such as fixed bearings.
A third-order polynomial fit of experimental data23 depending on both strain and strain rate was used 
to model the PCL. Although more sophisticated material models have been used in the past to model 
knee ligaments32, the polynomial fit was deemed sufficient for this analysis as the PCL was primarily 
subjected to tension and time-dependent effects such as stress-relaxation were not considered. Since 
the flexion velocity was relatively low and constant in this study (12 °/s), the strain rate dependency 
was not essential to include in the PCL material model. However, the PCL material model in its current 
form is useful for analyzing other flexion activities requiring higher angular velocities of the knee. The 
PCL zero force length27 included in the FE model determined the moment at which the PCL was 
recruited during knee flexion and was used to simulate the effect of PCL release. Before this zero force 
length was reached the PCL was considered being slack and no initial stress was assigned.
Though a stiff PCL might be identified during surgery by palpation, the PCL stiffness and elevation 
angle are difficult factors to determine during TKA. Nonetheless, the effect of these parameters, PCL 
tightness, can relatively simple been diagnosed intra-operatively by testing the knee joint for extreme 
femoral rollback or flexion gap tightness11. A tight PCL leads to a higher joint compression than a slack 
PCL and polyethylene wear is a potential risk6. For that reason, PCL balancing is both a mechanically 
and clinically relevant topic to examine. Based on the results from this study, adding posterior tibial 
slope in case of PCL tightness seems more advisable than releasing the PCL as the amount of femoral 
rollback during deep knee flexion was only slightly influenced by tibial slope. By increasing the tibial 
slope, potential anterior motion of the femoral component during deep knee flexion is resisted as the 
component has to go 'uphill'. PCL release seems adequate when only a small over-tension needs to be 
resolved and additional tibial resection is unwanted. One should realize that adding tibial slope is 
limited since the tibial PCL attachment has to be preserved and large tibial slopes affect the AP stability 
of the knee in extension33.
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Figure 5.7 (a) Polyethylene 'booking' and (b) lateral 'spin-out' due to excessive femoral rollback caused by PCL 
tightness.
While analyzing the FE simulations executed in this study, several clinical and TKA-specific phenomena 
were observed. Firstly, inclusion of a stiff or a flat PCL characteristic led to the occurrence of 'booking' 
of the polyethylene (Figure 5.7a). During 'booking' the polyethylene lifts off anteriorly from the 
polyethylene in case of PCL tightness, which can be observed intra-operatively when testing for flexion 
gap tightness using trial components10. Secondly, the authors performed trial simulations of an 
excessively tight PCL by combining the stiff and flat PCL properties used in this study. Incorporation of 
these properties led to excessive femoral rollback causing the femoral component to subluxate 
laterally and pushing the polyethylene into internal rotation (Figure 5.7b). This lateral 'spin-out' occurs 
only with rotating platform TKA designs and has been described in clinical studies13. Finally, the FE 
simulations performed in this study demonstrated a paradoxical anterior slide of the femoral condyles 
during deep knee flexion, while femoral rollback was expected. Anterior translation of the femoral 
condyles increases the risk of bone-implant impingement during high-flexion, reducing the range of 
motion and extensor mechanism efficiency3,4. Similar paradoxical anterior motions of cruciate-retaining 
implants have been described by clinical studies9. The anterior slide described in this study may have 
been caused by the congruent TKA design having a posteriorly lipped polyethylene component, 
impeding femoral rollback during deep flexion as described in other studies3. Furthermore, the sagittal 
radius of the femoral component analyzed in this study decreases during high-flexion due to the 'J'- 
curved sagittal femoral design, leading to space for the femoral condyles to slide anteriorly.
In conclusion, the current study shows that small variations in mechanical and anatomical PCL 
properties, as potentially occurring after cruciate-retaining TKA, considerably affect the PCL behavior 
and TKA loading characteristics. A PCL having a relatively high stiffness or small elevation angle near 
extension can easily result in excessive PCL tensile forces during deeper knee flexion. To resolve such a
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tight PCL, both ligament release and adding posterior tibial slope are adequate methods. In case deep 
knee flexion after TKA is desired by a knee patient, adding extra posterior tibial slope seems to be more 
advisable to balance a tight PCL since potential anterior motion of the femoral component during 
deep knee flexion is resisted by posterior tibial slope.
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Abstract
Aseptic loosening at the implant-cement interface is a well-documented cause of failure in joint 
arthroplasty. Traditionally, the strength of the implant-cement interface is determined using uni-axial 
normal and shear loading tests. However, during functional loading, the implant fixation sites are 
loaded under more complex stress conditions. For this purpose, the strength of the implant-cement 
interface under mixed-mode tensile and shear loading conditions was determined in this study using 
interface specimens with varying interface roughness. For the lowest roughness value analyzed (Ra = 
0.89 um), the interface strength was 0.40-1.95 MPa at loading angles varying between pure tension 
and shear, whereas this was 4.90-9.90 MPa for the highest roughness value (Ra = 2.76 um). The 
interface strength during pure shear (1.95-9.90 MPa) was substantially higher than during pure tension 
(0.58-6.67 MPa). Polynomial regression was used to fit a second-order interpolation function through 
the experimental interface strength data (R2 = 0.85; p < 0.001), relating the interface strength (S [MPa]) 
to the interface loading angle (a [degrees]) and interface roughness (Ra [um]):
S(a,Ra) = 0.891R2 + 0.001a2 - 0.189 Ra - 0.064a - 0.060
Finally, an interface failure criterion was derived from the interface strength measurements, describing 
the risk of failure at the implant-cement interface when subjected to a certain tensile and shear stress 
using only the interface strength in pure tensile and shear direction. The findings presented in this 
paper can be used in numerical models to simulate loosening at the implant-cement interface.
> 88
Mixed-Mode Failure Strength Implant-Cement Interface Specimens
Introduction
Aseptic implant loosening is a well-documented cause of failure in both total hip1 and total knee 
arthroplasty2. Loosening of implants may occur due to debonding at either the implant-cement or the 
bone-cement interface3. Traditionally, the strength of such interfaces is determined using uni-axial 
normal and shear loading tests3-6. However, during functional loading, the implant fixation sites are 
loaded under more complex stress conditions7. For accurate modeling of potential failure at the 
interface, the strength under mixed-mode loading conditions has to be known. Earlier experimental 
studies have focused on the mixed-mode strength of the bone-cement interface8, but the strength of 
the implant-cement interface has not yet been studied under mixed-mode loading condition.
In previous finite element (FE) studies, debonding at the implant-cement interface has been simulated 
using stress-based9 or energy-based10 interface failure formulations. The Hoffman failure criterion11 is a 
well-known example of a stress-based failure formulation used to simulate failure at the implant- 
cement interface91213, although it has originally been developed for failure in orthotropic brittle 
materials. The Hoffman criterion uses a failure index (FI) to describe the risk of material failure when 
exposed to a mixed-mode stress situation based on a quadratic relation between the strength in pure 
normal and shear direction, which has never been validated for application to the implant-cement 
interface.
The objective of the current study was to determine the strength of the implant-cement interface 
under mixed-mode loading conditions and to propose an experimentally supported failure criterion. 
For this purpose, implant-cement interface specimens, having a varying interface roughness, were 
subjected to a combination of tension and shear.
Materials & Methods
Implant-Cement Interface Specimens
Rectangular samples of stainless steel with three different (arithmetic) average surface roughnesses (Ra 
= 0.89±0.090, 1.49±0.059 and 2.76±0.21 um) were used as a basis for the implant-cement interface 
specimens (Figure 6.1a). The surface roughness variations were obtained by grit-blasting the samples 
with multiple grit sizes. Subsequently, the surface roughness was measured (Surftest SJ-201, Mitutoyo, 
Veenendaal, The Netherlands). No additional treatments were performed to enhance the adherence of 
bone cement to the steel specimens. The variation in surface roughness among the three groups of 
specimens was assumed to represent the roughness range used in joint arthroplasty14. The dimensions 
of the steel samples were 70 x 23 x 9 mm (L x W  x H), resulting in an implant-cement interface area of
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630 mm2. Triangular undercuts were made in the steel samples to minimize stress intensities around 
the edges and to obtain a relatively uniform interface load.
Prior to testing, the specimens were cleaned with acetone and placed in a Teflon® mould. The low- 
viscosity bone cement used in this study (CEMEX RX, Tecres Medical, Verona, Italy) was stored at room 
temperature for 24 hours before preparation. We hand-mixed the cement for one minute before 
pouring it into the mould, which was closed slowly allowing residual bone cement to escape to obtain 
homogeneous steel-cement specimens. The size of the bone cement was identical to the steel 
samples. After 20 minutes of polymerization, the interface specimens were removed and stored in 
saline at 37°C for 48 hours to allow for further polymerization and fluid uptake.
F
F
Figure 6.1 (a) Experimental set-up to determine the strength of the implant-cement interface using steel-cement 
interface specimens having a varying interface roughness. (b) The implant-cement interface strength was tested for 
pure tensile (a = 0°), pure shear (a = 90°) and mixed-mode (0° < a < 90°) loading conditions.
Loading Set-up
Mixed-mode interface loading experiments were performed using an MTS loading machine (MTS 
458.20, MTS Systems Inc., Eden Prairie, MN, USA). The top and bottom part of the interface specimens 
were clamped in a custom-built circular loading jig (Figure 6.1 b), which allows to load the specimens 
at different angles15. The interface specimens were subjected to a combination of tension and shear by 
varying the angle (a) between the applied load applied and the interface normal direction. The 
experiments were performed under displacement control with a loading rate of 0.5 mm/min. Due to 
the limited loading range of the MTS machine (max. 10 kN), the compressive strength of the 
specimens could not be determined as the strength exceeded the maximal load. Four loading angles 
were evaluated: pure tension (a = 0°), pure shear (a = 90°) and two combinations of tension and shear 
(a = 30° and 60°). For each loading angle, five specimens were tested per roughness value (n = 5).
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Statistical Analysis
Linear and quadratic correlation coefficients (R2) were determined between the interface strength and 
the loading angle and interface roughness analyzed. Polynomial regression was used to fit a second- 
order generalized interface strength function, depending on the loading angle and roughness, 
through the interface strength data using the least-squares method. A failure index (FI) was defined 
describing the risk of failure at the implant-cement interface when subjected to a mixed-mode stress 
condition, using the interface strength in pure tensile and shear direction.
Results
Table 6.1 Implant-Cement Interface Strength
Interface Loading Angle
a = 0° a = 30°
(n = 5) (n = 5)
a = 60°
(n = 5)
a = 90°
(n = 5)
Interface Strength Correlations
Roughness (pm) o (MPa) o (MPa) o (MPa) o (MPa) R2 linear R2 quadratic
Rai = 0.89 ± 0.090 0.58a ± 0.34 0.40a ± 0.15 0.45 ± 0.47 1.95b ± 1.16 0.24 0.54
Ra2 = 1.49 ± 0.059 1.15 ± 1.12 0.88 ± 0.50 0.61 ± 0.29 3.27 ± 1.14 0.27 0.59
Ra3 = 2.76 ± 0.21 6.67 ± 1.68 4.90 ± 0.88 6.05 ± 0.97 9.90 ± 0.96 0.32 0.76
Correlations
R2 linear 0.79 0.88 0.84 0.86
R2 quadratic 0.82 0.90 0.87 0.87
a Only 4 specimens were tested due to pre-testing interface failure 
b Only 3 specimens were tested due to pre-testing interface failure
Mean Results
The majority of the specimens failed by debonding of the entire steel-cement interface. In two 
specimens with a roughness of 2.76 ^m, small cement remnants were seen at the metal surface, 
suggesting a locally intact implant-cement interface and fracture of the bulk cement. Table 6.1 
summarizes the mean results. In general, enhancing the interface roughness increased the implant- 
cement interface strength. For the lowest roughness (Ra = 0.89 ^m), the interface strength was 0.40­
1.95 MPa at loading angles varying between pure tension and shear, whereas this was 4.90-9.90 MPa 
for the highest roughness value (Ra = 2.76 ^m). The interface strength was substantially higher during 
pure shear loading tests (1.95-9.90 MPa) compared to pure tension tests (0.58-6.67 MPa). Quadratic
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correlations between strength and loading angle and strength and roughness (Figure 6.2) resulted in 
R2 values ranging from 0.82-0.90 and 0.54-0.76, respectively.
o -I------1------1------1------1------1------
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Interface Roughness (pm)
Figure 6.2 Quadratic correlations between the interface strength and (a-c) the interface loading angle as well as 
between the interface strength and (d-g) the interface roughness.
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Generalized Interface Strength Function
Based on the quadratic relations between interface strength and loading angle and roughness, a 
second-order interpolation function was defined (Eq. 1) and fitted through the experimental data (R2 = 
0.85; p < 0.001), relating the interface strength (S [MPa]) to the interface loading angle (a [degrees]) 
and interface roughness (Ra [pm]).
S(a,Ra) = 0.891R2 + 0.001a2 - 0.189 Ra - 0.064 a - 0.060 (1)
Standardized coefficients corresponding to the variables listed in Eq. 1 were: 0.88, 0.96, -0.05 and -0.67. 
It should be noted that this equation only applies to a combination of tensile and shear loads (a = 0°- 
90°) and is valid only within a specific interface roughness range (Ra ~ 0.50-3.0 |jm). A three­
dimensional representation of the generalized interface strength function is shown in Figure 6.3a.
Figure 6.3 (a) The generalized interface strength function depending on the interface loading angle and roughness. 
(b) Interface failure strength as a function of tensile and shear stresses for varying interface roughness. For each 
roughness, straight lines were fitted (R2 = 0.67-0.98; p = 0.01-0.18) through the average strength values at the four 
loading angles (black lines). Standard deviations are only shown for the highest roughness (Ra = 2.76 pm). The 
Hoffmann failure criterion11 adjusted to the uni-axial tensile and shear strengths found for this roughness is 
depicted as well (grey line).
Implant-Cement Failure Criterion
The interface strengths measured were decomposed into pure tensile and shear components using 
the interface loading angles, and presented as a function of these uni-axial components (Figure 6.3b). 
For mixed-mode loading conditions, the interface strength appeared to be linearly related to the 
strength in pure tensile and shear direction (R2 = 0.67-0.98; p = 0.01 -0.18). Based on this finding, a linear 
interface failure criterion was formulated (Eq. 2). Similar to the Hoffman failure criterion, a failure index
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(FI) was used to describe the risk of debonding at the interface when subjected to a certain tensile (at) 
and shear stress (as) using only the interface strength in pure tensile (St) and shear (Ss) direction. Hence, 
for a given mixed-mode stress situation at the implant-cement interface static debonding is expected 
in case FI > 1.
r , 1 1FI = —  o + —  o. (2)
with:
St = S(a = 0°,R,) 
Ss = S(a = 90°,R,)
= 0.891R2 - 0.189 R, - 0.060 
= 0.891Ra - 0.189 R, + 2.280
S S
Discussion
The purpose of the present study was to determine the mechanical strength of the implant-cement 
interface under mixed-mode loading conditions. Our experiments show that the implant-cement 
interface strength is nonlinearly related to variations in loading angle and interface roughness (Eq. 1). 
We moreover found that interface failure strength under mixed-mode loading conditions is linearly 
related to the strength in pure tensile and shear direction, which is different from the quadratic relation 
of the Hoffman failure criterion11. The failure formulation derived from this finding (Eq. 2) can be used 
in FE models to simulate interface failure and optimize implant longevity.
The uni-axial tensile (0.58-6.67 MPa) and shear strengths (1.95-9.90 MPa) determined with varying 
interface roughnesses (Ra = 0.89-2.76 ^m) are comparable to values reported in literature. For example, 
interface shear strengths have been reported in the range of 5.3-13.8 MPa for an interface roughness of 
Ra = 1.1-8.6 ^m4-6. Although in our experiments the interface strength was considerably lower in pure 
tension than in pure shear, the lowest strength was found at a loading angle of 30°. The addition of a 
small amount of shear in this load-case appeared to worsen the stress situation at the implant-cement 
interface.
A limitation to our study was that the loading set-up was not as sensitive as hoped for. Initially, a low 
roughness specimen (Ra = 0.40 ^m) was included in the experiment, but its strength was too small to 
measure with our loading set-up. The low sensitivity of the measurement set-up might be an 
explanation for the relatively large standard deviations found for specimens with a low interface 
roughness (Table 6.1). Smaller scale interface experiments may be more appropriate to describe the 
failure response of low-roughness specimens. Furthermore, no more than one type of bone cement 
was considered (CEMEX RX). Due to the limited loading range (max. 10 kN), the failure strength under
> 94
Mixed-Mode Failure Strength Implant-Cement Interface Specimens
compression could not be determined. Trial compression tests at 60° using the high roughness 
interface specimens (Ra = 2.76 um) showed a compressive strength of more than 15.9 MPa (= 10 
kN/630 mm2). The Hoffman failure criterion needs further evaluation for mixed-mode compression and 
shear loading conditions. Lastly, interface fatigue was not considered as only static experiments were 
conducted. Our results therefore mainly apply to short-term implant fixation analyses, although the 
fatigue strength of the implant-cement interface may be related to its static strength6.
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Abstract
High-flexion knee replacements have been developed to accommodate a large range of motion (ROM 
> 120°). Knee implants that allow for higher degrees of flexion may be more sensitive to femoral 
loosening as the knee load is relatively high during deep knee flexion, which could result in an 
increased failure potential at the implant-cement interface of the femoral component. A three­
dimensional finite element knee model was developed including a posterior-stabilized high-flexion 
knee replacement to analyze the stress state at the femoral implant-cement interface during a full 
squatting movement (ROM < 155°). During deep flexion (ROM > 120°), tensile and shear stress 
concentrations were found at the implant-cement interface beneath the proximal part of the anterior 
flange. Particularly the shear stresses at this interface location increased during high-flexion, from a 
peak stress of 4.03 MPa at 90° to 6.89 MPa at 140° of flexion. Tensile stresses were substantially lower, 
having a peak stress of 0.72 MPa at 100° of flexion. Using data from earlier interface strength 
experiments, 0% of the interface beneath the anterior flange was predicted to fail in the normal flexion 
range (ROM < 120°), whereas this increased to 2.2% during deeper knee flexion. Thigh-calf contact 
reduced the knee forces, interface load and failure risk beyond 140-145° of flexion. Based on the more 
critical stresses at the femoral fixation site between 120° and 145° of flexion, we conclude that the 
femoral component has a higher risk of loosening at high-flexion angles.
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Introduction
The traditional goals of total knee arthroplasty (TKA) are pain relief and restoration of normal knee 
function. Several clinical studies have demonstrated that knee patients receiving a standard knee 
replacement in general achieve maximal flexion angles limited to roughly 120° of flexion after TKA1. 
Hence, active knee patients experience limitations during activities such as squatting, kneeling and 
gardening2. High-flexion knee replacements have therefore been developed to facilitate a larger post­
operative range of motion (ROM > 120°). High-flexion knee implants are mostly based on successful 
standard implant designs of which the posterior condylar geometry has been adapted to 
accommodate the increased joint load occurring during deep knee flexion.
In a recent follow-up study, Han and co-workers3 reported a disturbingly high incidence of early 
femoral loosening for high-flexion TKA. They observed aseptic femoral loosening in 38% of the 
operated cases at a mean follow-up time of 23 months. Furthermore, the authors indicated that the 
occurrence of loosening was closely related to the maximal flexion angle achieved by their patients 
after TKA. In nearly all cases of loosening, the femoral implant-cement interface debonded particularly 
beneath the anterior flange, while displaying radiolucent lines on lateral radiographs. Due to this 
debonding process, the femoral component migrated into a position of increased flexion during deep 
knee bends. A similar mode of failure has earlier been described by King and Scott4, who, despite of 
the low incidence of femoral loosening found for the standard TKA in their study, pointed out that 
newer prosthetic designs allowing for a larger ROM may demonstrate a higher incidence of femoral 
loosening. Inadequate support of the posterior femoral condyles due to inaccurate bone cuts, 
deficient bone quality or a poor cementing technique, may cause the femoral component to migrate 
during deep knee flexion. However, in contradiction to the study from Han and co-workers3, other 
recent follow-up studies reported excellent early results for high-flexion TKA, even when using the 
same implant type56. For this reason, it remains difficult to give a good explanation for the high 
incidence of early femoral loosening as reported by Han et al3. A fundamental biomechanical analysis 
of the femoral implant-cement interface during deep knee flexion may provide more insight in the 
underlying mechanisms.
In the past, finite element (FE) knee models have been used to study knee implants subjected to 
diverse loading conditions7-9. In most of these FE studies, only the tibio-femoral articulation was 
analyzed to gain information on the durability and wear resistance of the polyethylene tibial 
component. Although FE models of the implant-cement interface have been developed previously1011, 
such models have never been used to study the fixation of the femoral component after TKA. Despite 
the fact that femoral loosening is a relative infrequent complication of conventional TKA412, high-
a
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flexion knee implants may be more sensitive to loosening than standard implants as the knee joint 
load considerably increases during knee flexion1314.
The objective of this study was to analyze the load-transfer mechanism at the femoral implant-cement 
interface of a high-flexion total knee replacement during deep knee flexion (ROM < 155°). For this 
purpose, a three-dimensional FE knee model was developed including high-flexion TKA components. 
Cohesive interface elements were used to model the femoral implant-cement interface. We addressed 
the following research questions in the current study: (1) Does high-flexion lead to an increased tensile 
and/or shear stress at the femoral implant-cement interface?; (2) Does high-flexion lead to an 
increased risk of femoral loosening?; and (3) In case debonding occurs, at which location of the 
femoral implant-cement interface is this event initiated?
Materials & Methods
Finite Element Knee Model
The FE knee model used as a basis for this study has previously been described914 and consists of a 
proximal tibia and fibula, TKA components, a quadriceps and patella tendon and a non-resurfaced 
patella (Figure 7.1). To analyze the femoral fixation site, the distal femur was integrated in the FE model, 
including implant-cement interface elements and a 1 mm bone cement layer. High-flexion TKA 
components of the posterior-stabilized PFC Sigma RP-F (DePuy International, Leeds, UK) were 
incorporated in the FE model consistent with the surgical procedure.
Eight-noded hexahedral elements were used to model the tibia, fibula, patella, tibial tray and 
polyethylene insert. However, the femur, bone cement layer and femoral component were modeled 
using four-noded tetrahedral elements as these elements better allow accurate meshing of complex 
shapes such as the femoral component. The number of elements and material properties assigned to 
the various parts of the FE knee model are given in Table 7.1. Cement pockets in the femoral 
component were not modeled to avoid edge artifacts and to simplify the interface analysis. The 
geometries of the osseous tissues were obtained from a CT-scan. The tibia, fibula and patella were 
meshed at a relatively coarse level and only a simplified homogeneous distribution of material 
properties was applied as it was outside the scope of this study to analyze material stresses in these 
parts of the FE model. The distal femur was meshed at a finer level and material properties were 
mapped to the femur using bone mineral density information from the CT-scan15. The bone cement 
was modeled as a linear elastic material having an elastic modulus of 2,200 MPa10 and the 
polyethylene insert was modeled as an elastic-plastic non-linear material having an elastic modulus of 
974 MPa and yield stress of 14.0 MPa16. The quadriceps and patella tendon were constructed as
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composite materials consisting of two-dimensional shell elements and line elements to represent the 
solid matrix and collagen fibers of the ligaments, respectively. Frictionless tibio-femoral and patello- 
femoral contact was defined in the FE model and the contact points of both articulations could move 
with respect to the TKA components. The polyethylene insert was able to rotate on the tibial tray, 
which was fixed to the tibia, and the quadriceps tendon could wrap around the femoral component.
FE simulations were performed using MSC.MARC (MSC Software Corporation, Santa Ana, CA, USA). 
Knee flexion was simulated by application of the ground reaction force (350 N) to the ankle joint and 
releasing the quadriceps tendon slightly per increment, thereby generating an increasing balancing 
force in the quadriceps during a weight-bearing squatting movement (ROM = 50-155°). Moreover, in 
an earlier study we have demonstrated that thigh-calf contact, occurring during deep knee flexion, 
considerably affects the knee joint load14. For this reason, thigh-calf contact, which increases 
progressively beyond 130° of flexion, was included in the FE knee model to account for the effect of 
posterior soft-tissue compression during high-flexion.
Figure 7.1 The three-dimensional FE knee model utilized in this study combined with (inset) the femoral mesh 
integrated in the FE model to analyze the femoral implant-cement interface stress state. The model contains 
osseous tissues (femur, tibia, fibula and patella), soft-tissues (quadriceps and patella tendon), TKA components and 
boundary conditions (ground reaction force Fgrf and thigh-calf contact force Ftc).
fem ur
interface elements
femoral com ponent
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Table 7.1 FE Knee Model Properties
FE knee model component Number of elements
(-)
Young's modulus 
(MPa)
Femur - Bone 25,747 26.3-14,500a
- Bone cement 9,096 2,200
- Implant-cement interface 2,683 Kt = 57.3; Ks = 151.4b
- Femoral component 2,0605 210,000
Tibia - Cortical bone 462 19,000
- Trabecular bone 737 120
- Polyethylene insert 4,352 974
- Tibial tray 1,314 210,000
Fibula - Cortical bone 60 19,000
Patella - Cortical bone 708 19,000
- Trabecular bone 250 120
- Cartilage 648 250c
a Young's modulus range in the femur based on bone mineral density information from the CT-scan 
b Interface stiffness in tensile and shear direction in MPa/mm
c Non-physiological cartilage stiffness to avoid numerical instabilities due to large deformations 
Femoral Implant-Cement Interface Analysis
Zero-thickness six-noded prismatic cohesive elements were used to model the femoral implant- 
cement interface. Cohesive elements have been used in the past to model interface delamination11. 
The use of cohesive elements has the advantage that interface stresses are expressed in a local 
coordinate system, which makes the decomposition of interface stresses into normal and shear 
components redundant. The constitutive behavior of cohesive elements is expressed in terms of 
normal (On) or shear stresses (Os) versus interface opening or shear displacements. In the current study, 
the authors defined a linear relation between the interface stresses and opening displacements using 
the interface stiffness in normal and shear direction. Since the analysis of the interface stress state was 
the main objective of the current study, actual debonding of the femoral implant-cement interface 
was not simulated, meaning that the interface elements remained in the elastic phase.
The interface tensile (St = 2.09 MPa) and shear (Ss = 3.89 MPa) strengths were based on the (arithmetic) 
average surface roughness of the femoral component (Ra = 1.593 ^m) and experimental data from 
interface specimens with varying interfacial roughness17. The interface stiffness in tensile (Kt = 57.3 
MPa/mm) and shear (K = 151.4 MPa) direction was obtained from an earlier numerical study analyzing 
the implant-cement interface of a total hip replacement11. The compressive strength (Sc = 70 MPa) was
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also taken from literature10 and the stiffness in compression was set very high compared to tension (Kc 
= 100Kt).
(compression) Interface Normal Stress (MPa) (tension)
Figure 7.2 (a) Modified Hoffman failure criterion used to determine whether a local interface stress state would lead 
to static interface debonding together with (b) the anterior, posterior and distal interface regions of interest.
The multi-axial Hoffman failure criterion18 was used to determine the locations where the femoral 
implant-cement interface would debond based on the local normal and shear stresses. Potential 
interface failure is approximated by this criterion using a quadratic relation based on the static strength 
of the interface in pure normal and shear direction. However, in previous interface loading 
experiments we have shown that the strength of the implant-cement interface under mixed-mode 
tensile and shear stress conditions is linearly related to its uniaxial tensile and shear strength17. Hence, 
the Hoffman failure criterion was modified for the tension and shear domain (Figure 7.2a), which 
resulted in the following failure criterion (Eq. 1).
0
1 1 on > 0 ^  FI = —  os + —  on = 1
n Ss s St n
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on < 0 ^  FI = -^ -  oj + |---- - I on +Ar oj = 1
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The anterior, posterior and distal areas of the femoral implant-cement interface (Figure 7.2b) were 
selected as separate regions of interest as these interface locations were anticipated to show the 
largest tensile, compressive and shear stresses, respectively. For these interface regions, the risk of 
interface failure was quantified per integration point by determining the failure index (FI) based on the 
local stress state (Eq. 1). Static interface debonding is expected to occur in case FI > 1. Furthermore, the
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compressive and shear joint forces were determined together with the patella tendon force to 
evaluate the knee loading during deep knee flexion. Lastly, the total normal and shear interface forces 
were computed per region of interest by summing the normal and shear loads for all elements within 
the selected interface areas. Both joint and interface loads were normalized for bodyweight (BW).
Results
failure index
Figure 7.3 Femoral implant-cement interface stress states at different flexion angles (120°, 145° and 155°) for (a-c) 
tensile and (d-f) shear stresses as well as (g-i) the failure index based on these stress states.
Interface Stress Distributions
A tensile stress concentration was found at the proximo-medial part of the femoral implant-cement 
interface beneath the anterior flange (Figure 7.3), with a peak tensile stress of 0.72 MPa at 100° of 
flexion (not shown). During further knee flexion, the tensile stresses gradually decreased at the anterior 
interface, showing a peak stress of 0.25 MPa at 155°. High shear stresses were observed at the femoral
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interfaces beneath the posterior condyles and the anterior flange, with a peak shear stress of 6.90 MPa 
beneath the anterior flange at 140° of flexion. By combining the interface stresses in normal and shear 
direction using the interface failure index (FI), a relatively low risk of interface debonding (FI < 1) was 
found within the normal flexion range (ROM < 120°). However, as the shear stresses increase during 
deep knee flexion (ROM > 120°), particularly the proximal part of the implant-cement interface 
beneath the anterior flange was marked as a potential debonding area (FI > 1), even though thigh-calf 
contact reduces the risk of failure at maximal flexion (155°).
Figure 7.4 Interface stress states in terms of tension, compression and shear for integration points located at the 
anterior, posterior and distal femoral implant-cement interface during (a) 90°, (b) 120°, (c) 145° and (d) 155° of knee 
flexion.
0
Interface Stress State per Region of Interest
Plotting the interface stress state per integration point using the modified Hoffman failure criterion 
confirmed that several integration points beneath the anterior flange experienced tensile and shear 
loads beyond the interface strength range during deep knee flexion (Figure 7.4). Despite the majority
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of the integration points at the posterior and distal implant-cement interface remained subjected to 
compression during the entire flexion movement simulated, a significant number of anterior 
integration points (max. 51% at 140° of flexion) experienced tension during high-flexion. Up to 120° of 
flexion, no integration points located at the anterior implant-cement interface were marked as failed 
(FI > 1), whereas this number increased to maximal 2.2% during deeper flexion. The peak failure index 
at the anterior interface area was 0.97 at 120° of flexion, increased to 1.61 at 145° of flexion and 
reduced to 1.23 at maximal flexion (155°) due to thigh-calf contact. No failure was predicted to occur at 
the remaining part of the femoral interface area.
Figure 7.5 (a) Knee joint forces in conjunction with the total (b) tensile, (c) compressive and (d) shear forces at the 
anterior, posterior and distal femoral interface areas.
Joint and Interface Forces
Thigh-calf contact considerably reduced the joint forces during knee flexion beyond 140° (Figure 7.5a). 
The compressive knee force decreased from 4.1 to 2.3 x BW in the high-flexion range (ROM > 120°) and 
the shear knee force decreased from 0.9 to 0.3 x BW. Subsequently, the reduction in joint load during
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high-flexion also decreased the total normal and shear force at the femoral implant-cement interface 
(Figure 7.5b-d). During high-flexion, the compressive force at the anterior and posterior interface areas 
decreased from 1.2 to 0.4 x BW and from 1.8 to 0.7 x BW, respectively. The highest shear force was 
observed at the anterior interface area and decreased from 2.1 to 1.3 x BW during deep flexion. 
Marginal tensile forces were observed at the posterior and distal interface areas, while the tensile force 
at the anterior interface reached a maximum of 0.15 x BW at 110° of flexion and gradually decreased to 
0.03 x BW during maximal flexion (155°).
Discussion
The motivation for the FE analysis of the femoral implant-cement interface during deep knee flexion as 
described in this paper was a recent clinical study reporting an alarmingly high incidence of early 
femoral loosening for high-flexion TKA, presumably due to debonding at the femoral implant-cement 
interface3. Although aseptic femoral loosening is a relatively infrequent complication of contemporary 
TKA412, high-flexion total knee replacements may be more sensitive to femoral loosening than 
standard replacements as the knee joint load is relatively high during deep knee flexion13 and directed 
increasingly tangential to the posterior femoral fixation site.
The first research question posed in this study was whether high-flexion leads to an increased tensile 
and/or shear stress at the femoral implant-cement interface. In general, we found tensile and shear 
stress concentrations at the implant-cement interface beneath the proximal part of the anterior flange 
during knee flexion (Figure 7.3a-f). Particularly the shear stresses at this interface location increased 
during high-flexion (ROM > 120°), from a peak stress of 4.03 MPa at 90° to 6.90 at 140° of flexion. Tensile 
stresses at the anterior interface location were substantially lower, having a peak stress of 0.72 MPa at 
100° of flexion and slowly decreasing to 0.25 MPa during deeper flexion. Thigh-calf contact, occurring 
during flexion beyond 130°, considerably reduced the joint load (Figure 7.5a), similarly as described in 
an earlier study focusing on the effect of thigh-calf contact14. Due to the joint load reduction, the 
normal and shear interface forces (Figure 7.5b-d) as well as the interface stresses (Figure 7.4) decreased 
during flexion beyond 140-145°. The interface relieving effect of thigh-calf contact may occur even 
earlier during knee flexion than simulated in this study for knee patients with a very high body mass 
index, although the force reduction is likely balanced by a high overall joint load in these patients.
The second and third research questions were whether high-flexion leads to an increased risk of 
femoral loosening and where debonding is initiated in case loosening occurs. To determine whether a 
local stress state at the implant-cement interface would lead to static debonding, a modified Hoffman 
failure criterion (Eq. 1) was used as derived from earlier interface experiments17. Based on this
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formulation, the proximal part of the interface beneath the anterior flange is expected to have a higher 
risk of loosening compared to the rest of the femoral interface within the normal flexion range (ROM < 
120°), although actual failure is not likely based on the anterior stresses computed (FI < 1). During deep 
knee flexion (ROM > 120°), a higher risk of failure at the anterior interface was observed as primarily the 
interface shear stresses increased. The number of anterior integration points marked as failed (FI > 1) 
increased from 0 to 2.2% between 120° and 145° of flexion. The failure intensity at the anterior 
interface area also increased as the peak failure index increased from 0.97 at 120° to 1.61 at 145° of 
flexion. The failure index distribution (Figure 7.3g-i) shows that the femoral implant-cement interface is 
most likely to fail beneath the anterior flange during deep flexion, which corresponds to the failure 
mode described by Han et al3.
Although the FE knee model described in this study mimics the in-vivo situation and similar loading 
set-ups have been used in cadaveric experiments19, the FE model contains several limitations one 
should realize when interpreting the results. Firstly, the knee loading and stresses at the femoral 
implant-cement interface might be somewhat over-estimated due to the relatively large flexion 
moment applied to the FE knee model. In the present study, the ground reaction force was applied at 
the ankle joint level, while in reality the ground reaction force may be located more anteriorly during 
squatting20. Secondly, progressive interface failure was not evaluated this paper. Earlier studies 
analyzing cement-bone interface specimens21 have demonstrated that interface failure consists of a 
nearly linear elastic phase followed by non-linear plastic/softening behavior. Since, to the authors 
knowledge, currently no fundamental experimental data is available to accurately model the failure 
response of the implant-cement interface under mixed-mode normal and shear stress conditions as 
occurring at the femoral fixation site, only linear elastic behavior was included. A sensitivity study 
showed that, despite the overall distribution of stresses did not change, the peak stresses and 
predicted level of failure at the femoral fixation interface depended on the stiffness applied. However, 
the interface stiffness used in this FE study was derived from literature11 and led to no failure up to 120° 
of flexion, which appeared reasonable. Thirdly, the cement pockets on the femoral component were 
not represented in the FE model to avoid edge artifacts and to simplify the interface analysis, which 
may have affected the femoral fixation strength. Finally, since Han et al3 indicated that loosening pre­
dominantly occurred at the femoral implant-cement interface, the adjacent bone-cement interface 
was not analyzed in this study. Due to the fact that the strength of the bone-cement interface is of the 
same order of strength as the implant-cement interface21, this interface is also more likely to fail under 
high-flexion conditions than at lower flexion angles.
At a more global level, the present study was restricted by the fact that only one femur and one TKA 
system were considered. The femoral bone integrated in the FE knee model had a relatively low bone
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quality (T-score -1.9), which was deemed appropriate to resemble a typical knee patient. Femora 
having a better bone quality than used in this study may show less migration of the femoral 
component and subsequently lower stresses at the implant-cement interface during deep knee 
flexion. In addition, although we believe that the higher risk of loosening during high-flexion as 
predicted in this study accounts for most high-flexion TKA designs, design variations may affect the 
stresses at the implant-cement interface. The exact effect of patient and TKA design differences needs 
further mechanical evaluation.
The limitations we listed are not expected to affect the main result of this study, which is the finding 
that the femoral implant-cement interface is at higher risk of mechanical loosening at deeper flexion 
angles, although thigh-calf contact reliefs the knee joint and femoral fixation site at, for knee patients, 
very high flexion angles (> 140-145°). Because the stress state at the femoral implant-cement interface 
becomes more critical during deep knee flexion (Figure 7.4), high-flexion TKA is less-forgiving than 
standard TKA and optimal fixation of the femoral component is essential. In this view, the high 
incidence of femoral loosening as reported by Han et al3 may well be caused by the cementation 
technique they used as discussed by Scuderi22. The femoral cementing approach directly affects the 
level of cement-bone penetration and fixation strength23. Orthopaedic surgeons may improve the 
cemented fixation by working as clean as possible, pressurizing the (anterior) bone cement thoroughly 
and evaluating the bone quality of particularly the posterior femoral condyles. The bonding strength 
between the femoral component and the bone cement may furthermore be improved 
biomechanically using surface treatments.
In conclusion, high-flexion TKA designs accommodate deep knee flexion in terms of polyethylene 
wear89, but at the same time allow for the generation of higher forces within the knee and on TKA 
components as demonstrated in this study. The amount of anterior failure (2.2%) indicates that the 
majority of the femoral fixation site remains intact during deep knee flexion. However, as only one 
flexion cycle was evaluated in the present analysis, the tensile and shear stresses at the anterior 
interface are expected to be more harmful on the longer term due to interface fatigue. Hence, one can 
wonder whether it is wise to advise knee patients to use their high-flexion knee implants to their 
flexion limits. The results of this study indicate that mechanical loosening becomes more likely during 
deep flexion (ROM > 120°), even though thigh-calf contact reduces the femoral failure risk beyond 
140-145° of flexion, and therefore the orthopaedic community should be careful not to overstate the 
benefits of high-flexion TKA designs.
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Abstract
Recently, high-flexion knee replacements have been developed to accommodate a large range of 
motion (ROM > 120°) after total knee arthroplasty (TKA). High-flexion TKA may be more sensitive to 
femoral loosening than conventional TKA as the knee joint force increases during deep flexion. The 
objective of this study was to evaluate whether the probability of femoral loosening is equal in 
posterior cruciate ligament (PCL) retaining and substituting high-flexion knee implants and whether 
loosening is susceptible to reductions in femoral bone quality. For this purpose, a three-dimensional 
finite element (FE) model of the knee was developed and a weight-bearing deep knee bend up to 
155° was simulated. Joint loads determined with this global FE knee model were applied to a local 
femoral FE model to analyze loading conditions at the femoral cemented fixation site. Both a cruciate- 
retaining and posterior-stabilized high-flexion knee implant were evaluated using the FE models. In 
general, PCL conservation considerably increased the compressive tibio-femoral joint force as a 
maximal force of 4.7 to 6.0 x bodyweight (BW) was found for cruciate-retaining TKA, depending on the 
PCL stiffness applied, against a maximal force of 4.0 x BW for posterior-stabilized TKA. Despite these 
higher joint forces, debonding was more likely around posterior-stabilized TKA. Debonding particularly 
occurred at the femoral fixation site beneath the anterior flange and roughly 14% of this interface was 
predicted to fail on the long-term for cruciate-retaining TKA versus 20% for posterior-stabilized TKA. In 
case of poor femoral bone quality, the amount of anterior failure for cruciate-retaining TKA increased 
to 22%, while the amount of failure increased to 24% for posterior-stabilized TKA. We therefore 
conclude that cruciate-retaining high-flexion TKA is slightly less sensitive to femoral loosening than 
posterior-stabilized high-flexion TKA, although the posterior-stabilized femoral component seemed 
less susceptible to reductions in femoral bone quality.
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Introduction
Total knee arthroplasty (TKA) is a successful surgical procedure having patient satisfaction rates 
ranging between 80 and 90%'. However, several clinical studies have demonstrated that standard TKA 
typically allows flexion angles up to 120°23 and therefore active knee patients may experience 
limitations during activities requiring higher degrees of knee flexion4. High-flexion knee replacements 
have recently been developed to facilitate a larger range of motion (ROM > 120°) after knee 
arthroplasty than standard TKA. High-flexion implants are often based on successful conventional TKA 
designs of which the posterior tibio-femoral conformity has been improved to avoid edge loading5 
and accommodate the increased joint load occurring during deep knee flexion67. Both cruciate- 
retaining and cruciate-substituting high-flexion TKA designs have been introduced.
Preservation of the posterior cruciate ligament (PCL), as practiced during cruciate-retaining TKA, is one 
of the most debated items in knee arthroplasty. Proponents of PCL conservation argue that sparing the 
PCL leads to more physiological knee kinematics, less intra-operative femoral bone loss, lower shear 
loads on the tibial component and maintenance of proprioception8. In cruciate-substituting TKA, the 
PCL is excised and substituted by a post-cam mechanism, which is referred to as posterior-stabilized 
TKA. The surgical technique used during posterior-stabilized TKA is more straight-forward than during 
cruciate-retaining TKA, as no PCL balancing is required, and leads to more predictable knee 
kinematics9. An important function of the PCL is to pull the femur posteriorly during knee flexion (= 
femoral rollback), which is essential to avoid posterior tibio-femoral impingement and maximize knee 
flexion3. A tight PCL leads to more posterior femoral rollback than a slack PCL, at the expense of an 
increased joint compression and potential polyethylene wear1011.
Common indications for TKA revision comprise polyethylene wear, implant instability, infections and 
aseptic loosening12. High-flexion knee implants may be more sensitive to femoral loosening than 
standard implants as the joint load increases during deep knee flexion7 and is directed increasingly 
tangential to the posterior femoral fixation site. Moreover, inadequate support of the posterior femoral 
condyles due to inaccurate bone cuts, deficient bone quality or a poor cementing technique, may 
result in migration of the femoral component during deep knee flexion13.
Although clinical studies overall show an increase of 0 to 15° in post-operative ROM for high-flexion 
TKA with respect to standard TKA14-16, without significant complications, there are studies showing 
evidence for potential femoral fixation problems. Firstly, a recent follow-up study reported a 
disturbingly high incidence of early femoral loosening for cemented high-flexion TKA17. Aseptic 
loosening of the femoral component was observed in 38% of the operated patients at a mean follow- 
up time of 23 months. Implant loosening primarily occurred at the femoral implant-cement interface
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and the incidence appeared to be associated with the maximal post-operative flexion angle. Secondly, 
in another clinical study considering cementless high-flexion TKA, radiographic loosening of the 
femoral component was observed in 36% of the knees implanted and analyzed after on average 50 
months of in-vivo functioning18. By reason of severe pain complaints 8.3% of the loosened knees were 
revised within the two year follow-up period.
Finite element (FE) analysis is a good method to evaluate knee mechanics and to perform comparative 
mechanical analyses. FE models have been used to study implant loading for both standard and high­
flexion TKA components519. In a previous FE study20 we investigated whether there is an increased risk 
of femoral loosening involved with cemented high-flexion TKA as suggested by the clinical results 
from Han et al17. We found critical tensile and shear stress conditions at particularly the femoral fixation 
site beneath the anterior flange during deep flexion. The FE knee model used in that study only 
included a posterior-stabilized high-flexion knee implant and, to the authors knowledge, no studies 
have yet been published about the effect of PCL conservation on the loading of the femoral fixation 
site during deep flexion. PCL tension may increase the tibio-femoral load during deep flexion11 and 
further enhance the risk of implant loosening.
The objective of the present study was to evaluate the effect of PCL retention on the loading of the 
femoral fixation site during weight-bearing deep knee flexion (ROM < 155°). A three-dimensional FE 
knee model was developed including high-flexion prosthetic components. The loading condition of 
the femoral fixation site was evaluated for both a cruciate-retaining and a posterior-stabilized high­
flexion knee replacement. Furthermore, we investigated the effect of variations in PCL functioning and 
reduced support of the femoral implant due to poor bone quality on the predicted femoral loosening 
potential.
Materials & Methods
Finite Element Knee Model
The FE analysis performed in this study included two sub-models to improve computational efficiency 
while varying patient-specific properties: (1) a global FE knee model to determine the femoral loading 
during knee flexion and (2) a local femoral FE model to analyze the stress state at the femoral fixation 
site (Figure 8.1). The global knee model has previously been described in detail11 and consisted of a 
proximal tibia and fibula, high-flexion TKA components, a quadriceps/patella tendon, a non-resurfaced 
patella and a PCL in case cruciate-retaining TKA components were evaluated. Knee flexion was 
achieved by application of the ground reaction force (= 350 N) to the ankle joint and releasing the 
fixed quadriceps tendon slightly per increment of flexion, comparable to cadaveric loading set-ups
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such as the Oxford knee testing rig21. Hence, a weight-bearing deep knee bend up to 155° was 
simulated. Thigh-calf contact, occurring during knee flexion beyond 130°, was integrated in the knee 
model to account for the joint relieving effect of posterior soft-tissue compression during high- 
flexion22. The FE knee model was relatively unconstraint and free to seek its own kinematics. 
Subsequently, the femoral loading conditions derived from the global FE knee model (either posterior- 
stabilized or PCL-retaining) were applied to matching local femoral FE models. The local FE models 
included a femoral component, implant-cement interface elements, a 1 mm thick bone cement layer 
and a distal femur. High-flexion TKA components of the cruciate-retaining PFC Sigma CR150 and 
posterior-stabilized PFC Sigma RP-F, both rotating-platform TKA systems (DePuy International, Leeds, 
UK), were incorporated in the FE models to evaluate the effect of PCL conservation. FE simulations 
were performed using MSC.MARC (MSC Software Corporation, Santa Ana, CA, USA).
deep knee flexion and (b) the local femoral FE model to subsequently analyze the loading of the femoral fixation 
site. The global knee model contained osseous tissues (femur, tibia, fibula and patella), soft-tissues (quadriceps, 
patella tendon and PCL) and high-flexion TKA components (cruciate-retaining or posterior-stabilized). The 
boundary conditions applied to the FE models, such as the ground reaction force Fgrf and the thigh-calf contact 
force Ftc, have been shown as well.
The number of elements and material properties assigned to different parts of the local femoral FE 
model are given in Table 8.1. Except for the implant-cement interface, four-noded tetrahedral 
elements were used to generate the FE model. Cement pockets in the femoral component were 
neglected to avoid edge artifacts and simplify the interface analysis. Glued contact was defined 
between the bone and the fixation pegs of the cruciate-retaining femoral implant. The geometry of
a
Figure 8.1 (a) The global FE knee model utilized in this study to determine the femoral loading conditions during
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the distal femur was obtained from a femoral CT-scan of an 81 years old male (t-score = -1.9) using 
modeling software (Mimics 11.0, Materialise, Leuven, Belgium). The femur was CT-scanned using a 
calibration phantom and material properties were mapped to the femur using bone mineral density 
(BMD) information derived from the calibrated CT-scan according to Keyak and Falkinstein23. Bone 
cement was modeled as a linear elastic material (E = 2,200 MPa).
Table 8.1 Femoral FE Model Properties
Component Number of elements (-) Young's modulus (MPa)
CR PS CR PS
Distal femur 27,330 25,747 26.2-15,110a 26.3-14,530a
Femoral component 17,409 20,605 210,000 210,000
Bone cement 6,436 9,096 2,200 2,200
Implant-cement interface 2,049 2,683 Kt = 57.3 Kt = 57.3
Ks = 151.4b Ks = 151.4b
a Young's modulus range in the femur based on bone mineral density information from the CT-scan 
b Interface stiffness in tensile and shear direction in MPa/mm
Femoral Implant-Cement Interface
Zero-thickness six-noded cohesive elements were used to model the femoral implant-cement 
interface, which was the region of interest and indicated to be at risk during deep knee flexion17. 
Interface loading was expressed in terms of normal (On) and shear stresses (Os). Since the analysis of the 
stress conditions and failure potential at the femoral implant-cement interface was the main objective 
of this study, actual debonding was not simulated and only linear elastic behavior was applied to the 
interface elements. The tensile (St = 2.09 MPa) and shear (Ss = 3.89 MPa) strengths were based on the 
(arithmetic) average surface roughness of the femoral components (Ra = 1.593 ^m) and experimental 
data of interface specimens with varying surface roughness24. The interface stiffness in tensile and 
shear direction (Kt = 57.3 MPa/mm; K  = 151.4 MPa/mm) as well as the compressive interface strength 
(Sc = 70 MPa) were obtained from literature2526. The stiffness of the interface under compression was 
set very high compared to tension (Kc = 100-Kt).
The multi-axial Hoffman failure criterion27 was used to determine the locations where the femoral 
implant-cement interface would debond based on the local normal and shear stresses (Figure 8.2a). 
The Hoffman criterion uses a failure index (FI) to describe the risk of interface failure when exposed to a 
certain stress state based on a quadratic relation between the interface strength in pure normal and 
shear direction. Static interface debonding is expected to occur in case FI > 1 and long-term fatigue
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failure is likely in case FI > 0.528. Since we experimentally have demonstrated that the strength of the 
implant-cement interface under mixed-mode tensile and shear loading conditions does not comply 
with the traditional quadratic Hoffmann failure formulation24, the Hoffmann criterion was modified for 
tensile normal loading conditions (Eq. 1-2):
N orm al tensile stress: ( 1 )
1 1 on > 0 ^  FI = — os +— on = 1
n Ss s S, n
N orm al compressive stress: (2)
1 2  ( 1 1 i  1 2 -i ° n < 0 ^  FI =--- o2 +1------lon + — o2 = 1
n S,Sc n I S, Sc I n S2 s
0
Figure 8.2 (a) Modified Hoffman failure criterion used to determine whether a local interface stress state would lead 
to interface debonding together with (b) the anterior, posterior and distal interface regions analyzed in this study. 
For a given interface stress state (Pi) the failure index was determined by relating the stress condition to the 
Hoffman failure curve as shown in the figure. Static interface failure is expected to occur in case FI > 1.0 and fatigue 
failure (not simulated in this study) is likely in case FI > 0.5.
Femoral Fixation Analysis
Because the mechanical properties of the PCL, such as its stiffness, are known to vary per patient29 and 
directly affect the PCL force and joint load, the loading of the femoral fixation site was evaluated for a 
varying PCL stiffness. Similarly as described in an earlier FE study considering cruciate-retaining TKA11, 
three typical PCL responses were derived from experimental data30: a relatively stiff PCL (P1), an 
average PCL (P2) and a relatively compliant PCL (P3). Both the tibio-femoral joint force and the force 
inside the PCL were determined using the global FE knee model to establish at which flexion angle the
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highest interface loading was generated. All joint forces acting within the knee were normalized for 
bodyweight (BW). The anterior, posterior and distal femoral interface areas were selected as separate 
regions of interest (ROI's) as these interface locations were anticipated to show the largest tensile, 
compressive and shear stresses, respectively (Figure 8.2b). Normal and shear interface stresses were 
determined for these ROI's and related to the modified Hoffman failure criterion using the FI. Finally, 
the femoral bone quality was reduced in a step-wise fashion to evaluate the effect on the risk of 
implant loosening by decreasing the femoral BMD obtained from the CT-scan to 75 and 50% of its 
original value.
Figure 8.3 (a) Knee joint forces determined with the global knee model for cruciate-retaining and (b) posterior- 
stabilized high-flexion TKA. The force produced by the PCL with varying stiffness (P1 = stiff PCL; P2 = average PCL; 
P3 = compliant PCL) has been depicted as well (dotted lines). Due to the joint relieving effect of thigh-calf contact, 
maximal joint load was found to occur at roughly 145° of flexion.
Results
Posterior Cruciate Ligament Retention
PCL conservation considerably increased the compressive knee joint force, while at the same time 
reducing the shear joint force (which is the force parallel to the tibial surface) due to absence of a post­
cam mechanism (Figure 8.3). The peak compressive joint force was 6.0, 5.2 and 4.7 x BW for cruciate-
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retaining TKA in cases of a stiff (P1), average (P2) and compliant (P3) PCL, respectively. The maximal 
compressive joint force for the posterior-stabilized TKA was lower (4.0 x BW). The posterior-stabilized 
TKA did produce the highest shear joint force on the tibial component (0.9 x BW). Shear forces on the 
tibial component were relatively low in case of the cruciate-retaining TKA due to post-cam absence 
and ranged between -0.5 and 0.3 x BW. Thigh-calf contact relieved the knee joint beyond 145° of 
flexion and therefore the loading of the femoral fixation site was evaluated for this flexion angle.
High failure indices were found at the implant-cement interface beneath the anterior flange for both 
cruciate-retaining and posterior-stabilized TKA (Figure 8.4). Independent from the level of PCL tension, 
roughly 14% of the anterior interface showed a tendency towards failure (FI > 0.5) in case of cruciate- 
retaining TKA and 20% in case of posterior-stabilized TKA (Table 8.2). However, the cruciate-retaining 
TKA with the stiff PCL (P1) demonstrated an additional high failure potential at the medial side of the 
posterior and distal interfaces, close to the femoral PCL insertion site. About 5.0% of the distal and 2.7% 
of the posterior interface showed an increased risk of failure (FI > 0.5) in this case.
0
Figure 8.4 Failure index (FI) distributions at 145° of flexion for (a-c) cruciate-retaining and (d) posterior-stabilized 
high-flexion TKA. The anterior interface was marked as a potential debonding location for both TKA versions.
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Bone Quality Reduction
To visualize the effect of bone quality reduction on the loading conditions at the femoral fixation site, 
the stress states of each integration point located at the anterior, posterior and distal femoral implant- 
cement interface were plotted in the modified Hoffman failure diagram (Figure 8.5). Overall, cruciate- 
retaining TKA showed the largest increase in potential anterior failure (FI > 0.5) from 13.9 to 21.8% of 
the anterior interface, for a BMD reduction of 50%, compared to only an increase of 19.7 to 23.7% for 
posterior-stabilized TKA. Hence, although the amount of failure was higher for the posterior-stabilized 
design in the default case, it appeared to be less sensitive to variations in BMD as compared to 
cruciate-retaining TKA. The bone quality reductions hardly affected the failure level at the distal and 
posterior interface locations in case of cruciate-retaining TKA and less than 2% of the interface was 
predicted to fail at these locations on the long-term (FI > 0.5). Table 8.2 summarizes the failure 
percentages found for the BMD reductions applied to the femoral FE model (BMD = 50, 75 and 100%).
Figure 8.5 Femoral implant-cement interface stress states at 145° of flexion for (a&c) cruciate-retaining and (b&d) 
posterior-stabilized high-flexion TKA depending on variations in bone mineral density (BMD). The tensile stress state 
at the distal interface site near the femoral PCL attachment site has been highlighted using arrows.
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Table 8.2 Failure Index Distribution versus Bone Quality
BMD TKA type Anterior area Posterior area Distal area
FI a 0.5 FI a 1.0 FI a 0.5 FI a 1.0 FI a 0.5 FI a 1.0
100% CR P1 13.3% 0.6% 2.7% 0.9% 5.0% 0.1%
CR P2 13.9% 0.8% 1.4% 0% 0.4% 0%
CR PB 14.2% 0.8% 0% 0% 0% 0%
PS 19.7% 1.3% 0% 0% 0% 0%
75% CR P2 16.9% 2.0% 1.4% 0% 0.5% 0%
PS 21.7% 3.0% 0% 0% 0% 0%
50% CR P2 21.8% 6.0% 1.7% 0.7% 1.3% 0%
PS 23.7% 7.7% 0% 0% 0% 0%
Discussion
Recent clinical studies have shown potential evidence for an increased risk of femoral loosening 
associated with high-flexion TKA1718. High-flexion knee replacements may have a higher femoral failure 
risk than standard replacements as deep knee flexion puts higher demands on knee implants, both in 
a kinematic and kinetic perspective7. In a previous FE analysis we have demonstrated that the femoral 
fixation site experiences more critical loading conditions during deep flexion (ROM > 120°) than at 
normal flexion angles (ROM < 120°), possibly leading to in-vivo femoral fixation problems. The 
objective of the present study was to evaluate whether PCL retention and variations in anatomical 
properties, such as femoral bone quality, may further enhance the risk of femoral loosening for high­
flexion TKA. Based on the loading conditions at the femoral fixation site as determined in this study, 
cruciate-retaining TKA seemed slightly less sensitive to femoral loosening than posterior-stabilized TKA, 
although differences were fairly small. In particular the fixation site beneath the anterior femoral flange 
was predicted to be at risk during deep flexion and the failure intensity increased for reductions in 
femoral bone quality.
Loading analysis of the femoral fixation site during deep knee flexion is not as straight-forward as one 
might assume and involves careful consideration of all forces acting on the prosthetic component. The 
maximal compressive tibio-femoral joint force found for cruciate-retaining TKA was roughly 20 to 50% 
higher than for posterior-stabilized TKA, depending on the PCL stiffness applied. We therefore 
expected to find a higher failure risk for cruciate-retaining TKA during deep knee flexion than for 
posterior-stabilized TKA. However, the amount of interface failure predicted to occur on the long-term
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(FI > 0.5) was surprisingly slightly less for cruciate-retaining TKA: roughly 14% of the anterior femoral 
fixation area was assumed to fail in case of cruciate-retaining TKA compared to 20% in case of 
posterior-stabilized TKA. The nearly equal failure potentials found for both TKA types may be explained 
by the loading conditions acting on the femoral component during deep knee flexion (Figure 8.6). 
Although the resultant tibio-femoral joint force was found to be higher for cruciate-retaining TKA with 
average PCL properties (5.2 x BW) than for posterior-stabilized TKA (4.0 x BW), the tibio-femoral force 
was also directed rather tangential to the posterior fixation site. Hence, the posterior-stabilized TKA 
exerted a comparable postero-anterior force at the posterior femoral fixation area, due to presence of a 
post-cam mechanism, which subsequently led to a similar amount of tension on the interface beneath 
the anterior flange as cruciate-retaining TKA. The exact effect of the femoral fixation pegs in the 
cruciate-retaining TKA design needs further assessment, although trial FE simulations excluding these 
pegs showed minor differences in terms of (anterior) failure compared to the original situation. 
Furthermore, the femoral loading conditions as shown in Figure 8.6 indicate that the femoral 
component is not likely to be 'pushed-off' from the femur during deep knee flexion due to the high 
patella-femoral force opposing the retractile tibio-femoral joint force and stabilizing the femoral 
implant.
7.1 x BW 7.1 x BW
Figure 8.6 Femoral loading conditions for (a) cruciate-retaining high-flexion TKA combined with average PCL 
stiffness and (b) posterior-stabilized high-flexion TKA at 145° of knee flexion. For both TKA components the resultant 
tibio-femoral, patella-femoral and quadriceps 'tendo-femoral' contact forces have been illustrated. The force vector 
orientations and lengths shown above correspond to the actual values computed by the FE knee model. The inset 
in the right figure depicts the contact force produced by the post-cam mechanism.
The femoral BMD reductions performed in this study decreased the maximal femoral Young's modulus 
from roughly 15,000 MPa (100% bone quality) to 8,600 MPa (75% bone quality) and 4,200 MPa (50%
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bone quality) according to the relation between BMD and elastic modulus as adopted from Keyak and 
Falkinstein23. In general, the highest amount of anterior interface failure was observed for posterior- 
stabilized TKA after reducing the BMD by 50%: 23.7% of the anterior interface was predicted to fail on 
the long-term (FI > 0.5). Conversely, the largest increase in anterior failure percentage was found for 
cruciate-retaining TKA, where the amount of anterior failure increased from 13.9 to 21.8% for a BMD 
reduction of 50%. Posterior-stabilized TKA therefore appeared to react less sensitive to reductions in 
femoral bone quality than cruciate-retaining TKA, presumably due to the larger total interface area 
resulting from presence of the femoral box (61 versus 47 cm2). For cruciate-retaining TKA, the amount 
of interface failure predicted to occur at the distal and posterior interface locations, close to the medial 
femoral PCL attachment site (Figure 8.4), was only marginally affected by the bone quality reductions 
as the PCL force was less well transmitted to the femoral fixation site.
The PCL stiffness variations, based on PCL tension experiments30, were implemented in the FE knee 
model to evaluate the effect of subject-specific differences in PCL response on the loading of the 
femoral fixation site in case of cruciate-retaining high-flexion TKA. However, one may argue that the 
PCL response during knee flexion not only depends on mechanical properties such as the PCL 
stiffness, but also on the PCL laxity and how well the PCL is balanced after TKA. PCL laxity determines 
the flexion angle at which the PCL is recruited during knee flexion11. Both the maximal PCL force (460­
1590 N) and the flexion angle at which the PCL started to conduct force (60°) observed in our FE 
analysis (Figure 8.3a) were in line with PCL strengths29 and recruitment angles31 reported in prior 
experimental studies and therefore the variation in PCL response as implemented in this study was 
deemed physiological.
The present study was limited by the fact that progressive interface failure was not considered. Earlier 
studies focusing on the cement-bone interface32 have demonstrated that such interface failure 
consists of a nearly linear elastic phase followed by a non-linear plastic or softening phase. Since in this 
paper we were primarily interested in the stress state at the femoral fixation site and the subsequent 
failure potential, debonding was not simulated and the interface elements all remained in the elastic 
phase. One should be aware that inclusion of the softening phase of the implant-cement interface 
may lead to small changes in the interface stresses calculated and therefore we mainly focused on 
qualitative trends rather than on exact stress situations. The interface stiffness used in this FE study was 
derived from literature25 and led to virtually no static interface failure up to 120° of flexion, which 
seemed reasonable as clinically the components do not typically fail in this flexion range. Moreover, we 
only analyzed the femoral implant-cement interface in this study as this interface was indicated to be 
at risk during deep flexion17. Although the uni-axial strength of the adjacent bone-cement interface is 
of the same order of as the strength of the implant-cement interface32, the effects on the deformations
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at this interface location are expected to be higher for the reductions in femoral bone quality 
considered in the present analysis as the bone cement acted as a relatively stiff shell reducing the 
strains at the implant-cement interface.
The FE analysis performed in this paper may contribute to the general understanding of the loading of 
the femoral fixation site during deep knee flexion. The development of high-flexion TKA systems puts 
higher demands on knee implants, both in a kinematic (increased ROM) and kinetic perspective 
(increased femoral load) as shown in this paper. We observed a high failure potential at primarily the 
interface beneath the anterior flange during deep knee flexion (ROM > 120°) for both cruciate- 
retaining and posterior-stabilized high-flexion TKA, as roughly 14 to 20% of the anterior interface was 
predicted to fail on the long-term (FI > 0.5). Posterior-stabilized TKA appeared less sensitive to 
reductions in femoral bone quality than cruciate-retaining TKA, possibly due to a larger cemented 
fixation area. The increased demands on high-flexion knee replacements necessitates improved 
comprehension of the loading of the femoral component. The FE framework defined in this study may 
be used in future fixation analyses of knee implants to study, for instance, interface fatigue during 
multiple flexion cycles.
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This thesis describes a number of mechanical issues related to high-flexion total knee arthroplasty 
(TKA) with potential clinical implications. In this Discussion the main findings are discussed and placed 
into a more clinical context. Furthermore, limitations of the methods used are addressed to allow for a 
better interpretation of the findings. Finally, this Chapter ends with conclusions relative to the research 
questions as posed in the Introduction.
Main Findings
Deep Flexion Modeling: Thigh-Calf Contact (Chapter 2 and 3)
In Chapter 2 and 3 we described the effect of posterior thigh-calf contact, as occurring during deep 
flexion activities such as squatting and kneeling (ROM > 120°), on the loading of a high-flexion knee 
replacement. Although thigh-calf contact seems an obvious boundary condition to include in 
numerical knee models analyzing deep knee flexion, apart from one conference proceeding 
illustrating the global knee load reducing effect of thigh-calf contact1, no studies were found that 
either described or included this phenomenon. Hence, both the magnitude and effect of thigh-calf 
contact on the loading of the prosthetic knee during deep knee flexion were unknown and we 
decided to first measure the thigh-calf contact loading characteristics using a flexible pressure 
mapping sensor and then analyze the effect on the knee load using our finite element (FE) knee 
model. In general, we found that roughly 60 to 70% of the total bodyweight (BW) transfers through the 
total contact between thigh and calf on both legs at maximal knee flexion during squatting and 
kneeling (Chapter 2). The moment arm of the resultant thigh-calf contact force with respect to the 
knee center of rotation was relatively large (15-17 cm) compared to, for instance, the moment arm of 
the quadriceps tendon (4-5 cm)2. Therefore, despite the fact that the maximal thigh-calf contact force 
was small compared to the peak compressive knee load we calculated (4-5 x BW), the effect of thigh- 
calf contact on the loading of the knee still was considerable due to its relatively large moment arm as 
shown in Chapter 3. Application of typical thigh-calf contact characteristics, as derived from the thigh- 
calf contact force measurements, to our FE knee model reduced the peak compressive joint load by 
about 40% at maximal knee flexion and the peak polyethylene contact stress at the tibial post from 49 
to 28 MPa.
Thigh-calf contact characteristics were measured for a relatively small group of young and healthy 
Western subjects (n = 10) having an average body mass index (BMI) of 21.6±3.4 kg/m2. Due to the 
relatively low average BMI, the thigh-calf contact results reported in this thesis may apply more to 
Asian or Middle-East knee patients, having a lower BMI than the typical Western knee patient3. 
However, the significant correlations found between BMI or thigh/calf circumference and, for instance,
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the starting angle of thigh-calf contact or the maximal contact force, indicate that the thigh-calf 
contact characteristics can be made dependent on the subject's dimensions. Additional 
measurements are needed to quantify thigh-calf contact characteristics for a larger BMI range than 
described in this thesis and to add anthropometric variables using regression analysis.
Previous studies have shown that the knee load in general increases with knee flexion45. Due to the 
inclusion of thigh-calf contact, the maximal joint load does not occur at maximal knee flexion (150­
160°), but rather between 130 and 140° of flexion, depending on a subject's corpulence. High-flexion 
knee replacements should therefore be optimized for these flexion angles and the tibio-femoral 
articulation of existing high-flexion knee replacements may have been over-designed for non-existing 
high loads occurring during knee flexion beyond 140°. One may argue that, because of ignoring the 
joint load reducing effect of thigh-calf contact during the TKA design process, high-flexion knee 
implants have a built-in safety factor. Nonetheless, reinforcement of, for example, the polyethylene 
tibial post using metals to sustain the (non-existing) high loads during very deep flexion may have 
detrimental effects on its long-term performance6. The thigh-calf contact force results can be used to 
further improve high-flexion TKA designs.
PCL Conservation (Chapter 4)
Conservation of the posterior cruciate ligament (PCL) in high-flexion TKA leads to a considerable force 
production in the PCL during deep flexion and, subsequently, on the prosthetic components as shown 
in Chapter 4 and 5. The maximal PCL force heavily depends on the flexion angle at which it is recruited 
during knee bends, which on its turn is affected by the extent of PCL laxity after surgery. In Chapter 4 
we have demonstrated that an adequately balanced PCL in combination with cruciate-retaining high­
flexion TKA leads to a similar polyethylene stress level during deep flexion as posterior-stabilized high­
flexion TKA. It should be mentioned that the location where the highest polyethylene contact stresses 
were found differed between both high-flexion TKA designs. The cruciate-retaining high-flexion knee 
implant showed the highest polyethylene at the tibial dish, whereas the highest polyethylene stresses 
were produced at the post-cam articulation in case of posterior-stabilized high-flexion TKA.
Compared to conventional cruciate-retaining TKA, high-flexion cruciate-retaining TKA resulted in a 
significantly lower tibio-femoral contact stress during deep flexion (75 versus 97 MPa), although the 
effect was somewhat leveled out by the amount of plastic polyethylene deformation. At very high 
flexion angles (ROM > 140°) the posterior femoral condyles of the standard total knee replacement 
started to 'dig' into the polyethylene, increasing the tibio-femoral contact stress and level of plasticity. 
The absence of such polyethylene edge loading in case of high-flexion cruciate-retaining TKA indicates
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that high-flexion knee implants better accommodate the joint load occurring during deep flexion than 
standard implants.
Since the PCL is the main facilitator of femoral rollback7, PCL functioning directly affects the amount of 
femoral rollback after high-flexion TKA. Whilst the cruciate-retaining high-flexion knee implant 
analyzed in Chapter 4 and 5 showed a substantial amount of femoral rollback during knee flexion up 
to 120°, the femoral condyles were found to slide forward at higher flexion angles. Anterior translation 
of the femoral condyles enhances the risk of posterior bone-implant impingement during deep 
flexion, mechanically blocking further knee flexion89. Similar paradoxical anterior motion patterns of 
cruciate-retaining implants have been observed clinically10. Anterior slide of the femur during knee 
flexion may be caused by an ineffective PCL11, but as we attempted to adequately balance the PCL in 
our FE knee model as described in Chapter 4, we think that the anterior femoral slide as observed in 
this thesis was rather a prosthetic design-related issue. The cruciate-retaining TKA system we analyzed 
had a highly conforming mobile tibial bearing (rotating-platform), which might impede femoral 
rollback during deep knee flexion as the femoral condyles have to go 'uphill' while rolling backwards 
due to the dished polyethylene geometry7. Moreover, the condylar radius of the femoral component 
decreases at deep flexion angles because of its 'J'-curved sagittal geometry, somewhat relieving the 
PCL and leading to space for the posterior femoral condyles to slide forward.
PCL Balancing (Chapter 5)
Obtaining an adequately balanced PCL after TKA is a challenging surgical aim and may have significant 
implications on TKA mechanics if not done properly. In Chapter 5 we have shown that a tight PCL 
leads to an increased amount of femoral rollback, at the expense of a higher joint compression and 
polyethylene stresses. Although surgical factors, such as the size of the femoral component and the 
amount of posterior tibial slope applied, are known to affect flexion gap tightness12 and PCL 
functioning, we have demonstrated that subject-specific variations in mechanical and anatomical PCL 
properties also affect the PCL tension and flexion gap tightness after TKA. Specifically the location of 
the femoral PCL attachment site affected the PCL force and implant loading the most.
From a biomechanical perspective, adding extra posterior tibial slope seems a better method than 
ligament release to resolve a tight PCL in case of cruciate-retaining high-flexion TKA as it reduces the 
risk of paradoxical anterior femoral motion during deep knee flexion (Chapter 5). Partial ligament 
release also reduced the PCL tension, but conversely increased the PCL laxity and amount of anterior 
femoral movement during deep knee flexion in our FE simulations. Based on our findings, PCL release 
seems adequate when only a small PCL over-tension needs to be resolved and additional tibial 
resection is undesired.
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The extreme loading situations caused by an overly tight PCL as shown in Chapter 5 indicates that our 
FE knee model is capable of replicating clinical observations. Both 'booking' and lateral 'spin-out' of the 
polyethylene insert as observed in our FE simulations are well-documented intra-operative signs of 
PCL tightness111314 and typically occur when testing for flexion gap tightness using the trial TKA 
components. During polyethylene 'booking' the plastic insert lifts off anteriorly from the tibial tray due 
to extreme tension in the PCL. Lateral 'spin-out' occurs only with mobile-bearings and is caused by 
excessive femoral rollback on the lateral compartment, leading to postero-lateral subluxation and 
pushing the polyethylene component into internal rotation.
Femoral Implant Fixation (Chapter 6 to 8)
The motivation for mechanically analyzing the femoral implant fixation during deep knee flexion as 
described in Chapter 6 to 8 was a recent clinical study reporting an alarmingly high incidence of early 
femoral loosening for cemented high-flexion TKA, presumably due to aseptic debonding at the 
implant-cement interface15. High-flexion knee implants may be more sensitive to femoral loosening 
than standard implants, despite the fact that thigh-calf contact reduces the knee load during flexion 
beyond roughly 140°. Loosening at higher flexion angles may be promoted due to an overall higher 
knee loading4516 and by loading directions that are more precarious than at lower degrees of knee 
flexion. A fundamental loading analysis of the femoral implant-cement interface was performed to 
analyze the underlying mechanisms leading to femoral loosening.
In Chapter 7 we have shown that, although high-flexion TKA appears to accommodate deep knee 
flexion in terms of polyethylene stresses and wear potential, high-flexion implants at the same time 
allow for the generation of higher forces on the implant fixation site. To predict whether the loads 
occurring at the femoral implant-cement interface during deep flexion would lead to early implant 
loosening, we first experimentally determined the static strength of this interface for multi-axial 
loading conditions as described in Chapter 6. Hence, an experimentally supported failure criterion was 
developed for the implant-cement interface. In particular the implant-cement interface beneath the 
anterior femoral flange experienced critical stress conditions during deep knee flexion and, based on 
our failure formulation, roughly 2% of this interface area was predicted to fail statically at 145° of 
flexion, whereas no interface failure was observed up to 120° of flexion. The anterior femoral 
debonding location corresponded to clinical observations1517. Furthermore, despite the fact that PCL 
conservation increased the tibio-femoral joint load during high-flexion, a fairly similar amount of 
potential anterior interface failure was observed for both cruciate-retaining and posterior-stabilized 
high-flexion TKA (Chapter 8). Posterior-stabilized high-flexion TKA appeared less sensitive to reductions
> 132
• • • • Summary & General Discussion
in femoral bone quality as indicated by a rather small increase in the amount of anterior interface 
failure for low bone qualities, while a higher increase in failure was found for PCL-retaining TKA.
In general, due to the overall increased and differently oriented load at the femoral fixation site during 
deep flexion (ROM > 120°), high-flexion TKA is less-forgiving than standard TKA and optimal fixation of 
the femoral component is very important. The high incidence of femoral loosening as reported by Han 
et al15 may well be caused by the substandard cementation technique they used as suggested by 
Scuderi18. The strength of the anterior cemented fixation can be improved by working as clean as 
possible and pressurizing the bone cement thoroughly. Furthermore, the way how the bone cement is 
distributed over the femoral component and the cancellous bone, before attaching the implant, 
affects the prosthetic fixation strength19. Orthopaedic surgeons should be careful with performing 
high-flexion TKA on knee patients with poor femoral bone quality as this may promote femoral 
loosening.
Research Limitations & Verification
The methodology used in this thesis has some limitations that should be addressed. Detailed 
modeling limitations have been issued in Chapter 2 to 8 and therefore only items related to the global 
accuracy of the loading conditions and outcome parameters computed by the FE knee model are 
discussed here. Firstly, the FE knee model we used to analyze high-flexion TKA performance was not 
substantially validated, although we verified its loading conditions using literature. The maximal 
compressive knee force produced by the model (4-5 x BW) during deep knee flexion (ROM > 120°) was 
about the average of maximal joint loads reported in literature, ranging between 2 and 7 x BW420-22. 
However, recent studies using more detailed musculo-skeletal models and/or telemetrical knee 
implants have reported considerably lower maximal compressive knee loads of 2 to 3 x BW23-27. In our 
FE knee model, the ground reaction force was applied at the ankle joint level, similarly as done in 
cadaveric loading set-ups such as the Oxford knee testing rig28. In reality the ground reaction force is 
located somewhat more anteriorly24, which may well reduce the flexion moment and joint load in the 
knee. To verify and improve the polyethylene contact stress as computed by our FE knee model, the 
effect of variations in mesh density on the peak tibio-femoral contact stress was evaluated and 
compared to experimental data as described by the convergence analysis in Chapter 4. The main 
strength of the loading set-up used in this thesis was that the FE knee model was relatively 
unconstraint and able to seek its own kinematics, which is, in our perspective, essential to effectively 
evaluate implant performance as knee kinematics heavily affect knee kinetics. For instance, the 
location of the tibio-femoral contact point is known to directly affect the quadriceps load29. The
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cruciate-retaining knee kinematics (e.g. rollback patterns and amount of tibial rotation) produced by 
our FE knee model and described in Chapter 4 and 5 were consistent with kinematical data from 
KneeSIM (LifeModeler, San Clemente, California), a validated musculo-skeletal modeling system30, 
which we obtained from the manufacturer of the implants analyzed (DePuy, Leeds, UK). Due to the 
limitations regarding the validation of our knee model as described above we decided to use the 
model mainly in a comparative fashion and focus on qualitative effects rather than on absolute stress 
magnitudes.
Figure 9.1 Relationship between polyethylene wear 
and contact area in fixed-bearing knee replacements, 
showing a reduction in wear for smaller contact areas, 
as adopted from Fisher et al31. For very small contact 
areas the polyethylene fatigue limit is reached and 
plastic deformation occurs (marked by an asterisk).
Secondly, polyethylene wear in total knees is affected by several factors including the tibio-femoral 
sliding distance, loading conditions and presence of cross-shear31. As in most biomechanical studies, 
implant performance was analyzed in this thesis by looking at polyethylene contact stresses. Recent 
numerical studies modeling polyethylene wear have demonstrated that TKA wear is probably less 
affected by contact stress than assumed in the past32. Experimental wear studies performed by Fisher 
and co-workers31 have shown that, due to the over the years significantly improved polyethylene 
properties, the amount of wear may currently not be reduced any longer by enhancing the tibio­
femoral conformity and lowering the polyethylene contact stress, but rather by reducing the contact 
area (Figure 9.1). This new concept of contact area reduction to improve polyethylene wear 
performance would primarily promote low-conforming fixed-bearing TKA designs. However, high- 
conforming mobile-bearing TKA designs in general show less cross-shear due to more uni-directional 
motion patterns, which also reduces polyethylene wear. Hence, to further optimize the wear resistance 
of knee implants, a challenging optimum has to be found between reducing cross-shear (high- 
conformity) and contact area (low-conformity). Due to the multi-factorial response of polyethylene to 
the loading conditions inside the knee, FE knee models evaluating implant performance and wear 
should assess more outcome parameters than the tibio-femoral contact stress only.
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Finally, in this thesis we primarily assessed TKA performance during a squatting movement. We may 
ask ourselves whether squatting is the most demanding activity for high-flexion knee implants. Recent 
telemetrical studies have shown that in particular stair-climbing and descending are more demanding 
than squatting, as indicated by a higher maximal compressive knee load of 3 to 4 x BW against 2 to 3 x 
BW during squatting26,27. However, in our perspective not only the loading conditions are important to 
consider, also kinematics of the knee play an important role in whether an activity is high demanding. 
Since stair-climbing is performed at lower flexion angles (ROM < 70°) than deep squatting (ROM < 
160°)3-26'33, the risk of edge loading and implant loosening (see Chapter 7) is probably higher during 
squatting. Furthermore, the frequency and duration of the high-flexion activities performed by the 
knee patients are important to take into account. Squatting movements are performed on a daily basis 
by many Asian and Middle-East subjects3, while typical Western knee patients perform such activities 
less frequently34. All these factors may contribute to severe loading conditions in the knee and we 
believe that other high-flexion activities, in particular descending to and rising from highly flexed 
positions such as kneeling and sitting cross-legged, should be examined at a more fundamental level 
due to the risk of edge loading and component loosening.
Functional Evaluation of High-Flexion TKA
In addition to the in-vitro testing of high-flexion knee implants such as done in this thesis, functional 
evaluation of knee patients is essential to investigate whether knee patients actually benefit from these 
optimizations as proposed in high-flexion implant designs. Most functional evaluations of high-flexion 
TKA performed previously mainly used patient questionnaires and (passive) ROM measurements and 
were therefore not very sensitive35. For this reason, we have started a prospectively randomized clinical 
trial to compare high-flexion to conventional TKA. Two performance-based tests were included in this 
analysis: a sit-to-stand activity to assess knee function in the normal flexion range and a kneeling 
activity to assess high-flexion knee functioning. At the moment of writing this blinded clinical study to 
functionally evaluate of high-flexion TKA is still running and the immediate results cannot be disclosed 
at this point of time. We aim at finishing it in 2012 and refer to the Appendix for a more detailed 
research protocol of this clinical trial.
Conclusions
The conclusions drawn from the results presented in this thesis can be summarized by answering the 
research questions postulated in the Introduction (Chapter 1).
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Deep Flexion Modeling: Thigh-Calf Contact
Thigh-calf contact is substantial as roughly 60 to 70% of the total BW transfers through the total 
contact between thigh and calf on both legs at maximal knee flexion (150 to 160°) during squatting 
and kneeling and should therefore be included in numerical knee models focusing on deep flexion. 
The location of the resultant contact force on the calf was fairly constant during knee flexion and 
maximally 15 to 17 cm from the knee center of rotation during both squatting and kneeling. Thigh-calf 
contact considerably reduced the maximal compressive joint load and in particular the contact stress 
at the tibial post by roughly 40% at maximal knee flexion (155°).
PCL Conservation and Balancing
Cruciate-retaining high-flexion TKA appeared to better accommodate the joint load during deep 
flexion than standard TKA. At high flexion angles (ROM > 140°) the posterior femoral condyles of the 
standard knee replacement analyzed in this thesis started to 'dig' into the polyethylene, whereas this 
edge loading was not observed for high-flexion TKA. In addition, cruciate-retaining high-flexion TKA, in 
combination with a properly balanced PCL, resulted in a similar polyethylene stress level during deep 
flexion as posterior-stabilized high-flexion TKA. However, the highest polyethylene stresses were found 
to occur at the tibial dish in case of cruciate-retaining high-flexion TKA, whereas the highest stresses 
were found at the tibial post in case of posterior-stabilized high-flexion TKA. Both standard and high­
flexion cruciate-retaining TKA showed an anterior slide of the femoral condyles during deep knee 
flexion, which may limit post-operative ROM in knee patients. Variations in PCL stiffness and location of 
the femoral PCL attachment site heavily affect the forces produced inside the PCL and on the 
prosthetic components during knee flexion. In particular a stiff PCL together with a relatively flat 
orientation with respect to the tibial plateau may lead to excessive PCL tension during deep flexion. 
Both ligament release and adding posterior tibial slope are adequate methods to resolve a tight PCL. 
From a biomechanical perspective, adding posterior tibial slope seems preferable for high-flexion TKA 
as it reduces the risk of paradoxical anterior femoral motion during deep knee flexion.
Femoral Implant Fixation
More critical loading conditions were observed at the femoral fixation site during deep knee flexion 
(ROM > 120°) than at normal flexion angles (ROM < 120°), although thigh-calf contact reduced the 
knee load beyond 140 to 145° of flexion. The highest tensile and shear stresses were observed at the 
femoral implant-cement interface beneath the anterior flange. At 145° of flexion, roughly 2% of this 
interface area was predicted to fail instantly, whereas no failure was observed at flexion angles below 
120°. Despite the fact that PCL retention increased the overall tibio-femoral joint load, a fairly similar
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anterior interface stress level and amount of debonding was observed for both cruciate-retaining and 
posterior-stabilized high-flexion TKA. Posterior-stabilized high-flexion TKA appeared less sensitive to 
reductions in femoral bone quality than PCL-retaining TKA, presumably due to a larger area of fixation.
a
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Future Perspectives of TKA & FE Modeling Techniques
Future Impact of Knee Diseases
The worldwide population is aging with an uneven growth of the younger and older population in the 
coming decennia1. The number of people aged 60 years and older will be doubled in the coming 
period, from 10.8% of the world population at this moment to 21.9% in 2050 (Figure 10.1). In more 
developed countries this number is expected to increase to an even higher value of 32.6% in 2050. 
Furthermore, the life expectancy has also increased significantly over the years and, worldwide, men 
surviving to age 60 can expect to live another 18 years and women an additional 21 years. 
Consequently, the old-age support ratio, which is the number of persons aged 15 to 64 years per 
person aged 65 years or more, will decrease from 9 in 2009 to only 4 in 2050. Hence, there will be a 
growing demand on the health care system with a reduced availability of the working population. To 
keep society sustainable the elderly population needs to remain independent of help and medical 
care for a longer period of time.
Figure 10.1 Population percentage aged 60 years 
or over in the period from 1950 to 2050 as derived 
from1. A distinction between the world in total and 
more and less developed countries has been made. [■0 j
The first decade of the 21st century was launched by the World Health Organization as the Bone and 
Joint Decade (BJD) emphasizing the requirements to put more efforts into research, treatment and 
care of patients that suffer from musculo-skeletal diseases. Recently, the BJD has renewed its mandate 
for another 10 years up to 2020. Based on this initiative the American Association of Orthopaedic 
Surgeons (AAOS) performed a thorough review of the prevalence and costs related to diverse 
categories of diseases2. It appears that the prevalence of musculo-skeletal diseases for persons over 18 
in the USA as recorded in 2005 equals to 48.3% of all medical conditions. Of these persons suffering 
from musculo-skeletal disorders, 26.4% reported to have chronic joint pain of which knee pain is most 
prevalent as 62% of the population reporting to experience chronic joint pain has severe pain in the 
knee against, for example, only 24% has pain in the hip (Figure 10.2).
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Figure 10.2 Proportion of population reporting to 
experience chronic joint pain as recorded in the 
USA in 20052. Among all subjects reporting to have 
chronic joint pain, knee pain is most prevalent 
(62%).
TKA: A Life Time Solution?
Total knee arthroplasty (TKA) is, on the whole, a very successful surgical intervention having good 
survival rates ranging between 90 and 95% after 10 years post-operatively3-6. Moreover, 80 to 90% of 
the patients undergoing primary TKA are satisfied with their knees after surgery7. However, despite the 
good survivorship of modern knee implants, TKA still does not supply a solution for life-time, which 
becomes increasingly important in an era in which knee patients get older, degenerative diseases 
become more common and the health care system demands long-term solutions to reduce additional 
costs. In addition, due to the relative success of TKA, patients receiving a knee implant are currently 
younger and more active than patients in the past and can be expected to use their knee implants up 
to their flexion and loading limits8. Because of the increased patient expectations and demands on 
total knee replacements, surgical precision and prosthetic alignment become more critical and less- 
forgiving.
A potential cause of surgical inaccuracies imposed during TKA, is the fact that present surgical 
treatment protocols are rather universal and not well-specified to patient-specific needs. Not every 
knee patient therefore fits into these standard protocols and the orthopaedic community has 
responded to that by moving towards more personalized treatment options. Examples of such more 
patient-specific approaches are: personalized cutting blocks based on pre-operative images for use 
during TKA (Signature, Biomet, Warsaw, IN, USA), the use of computer navigation tools to more 
accurately align knee implants (OrthoPilot, Aesculap, Tuttlingen, Germany), gender-specific knee 
implants which have been developed to better match smaller sized female knees (Gender Solutions 
Knee, Zimmer, Warsaw, IN, USA) and partial knee implants to only resurface the degenerated cartilage 
of the affected compartments (Sigma High Performance Partial Knee, DePuy, Warsaw, IN, USA).
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Personalized FE Knee Models
To understand how biomechanical principals interact with surgical treatment options, all kinds of knee 
models have been developed previously. In general, these knee models can be subdivided in two 
groups: (1) musculo-skeletal models aiming at predicting muscle forces and joint loads using 
kinematical data from motion analysis and (2) finite element (FE) knee models which are typically used 
to calculate stresses and strains within tissues (bone, cartilage and ligaments) and on the prosthetic 
knee components (this thesis). Examples of musculo-skeletal models that can be used to evaluate knee 
mechanics are: OpenSim9, AnyBody10 and the Twente Lower Extremity Model (TLEM)1112.
One of the latest advances in knee modeling is the generation of subject-specific FE models, which is 
currently feasible due to the increased power of both FE analysis and three-dimensional imaging 
software. To construct personalized FE knee models, a subject's knee has to be digitized first using 
computed tomography (CT) or magneto resonance imaging (MRI). The geometry of the knee model is 
subsequently obtained using segmentation and mesh-morphing techniques as available in 
commercial or self-developed modeling software1314. Material properties can be mapped to the 
osseous tissues using bone mineral density information derived from CT scans15. Ligaments are 
commonly modeled using anatomical landmarks and can be represented by non-linear line 
elements16, although more sophisticated two- and three-dimensional ligament models have been ^ 1 0  
proposed1718. Due to improvements made in musculo-skeletal models1112, increasingly more accurate 
and subject-specific loading conditions can be derived for various activities by coupling optical motion 
analysis (e.g. Vicon, Los Angeles, CA, USA) with these models. Both the prosthetic and healthy knee, 
including meniscii and cartilage, have been modeled using the FE modeling framework described 
above16-17-19.
Subject-specific knee models can be used by engineers to more precisely evaluate implant 
performance for multiple activities and knee patients than obtained with conventional knee testing 
rigs and FE knee models resembling a 'typical' knee patient. However, there are still several steps that 
have to be taken to further improve this modeling technique. Firstly, soft-tissues, such as the knee 
ligaments, are often modeled using average relationships as determined during in-vitro 
experiments2021. Ultrasound elastography is a promising method which employs the response of soft- 
tissues to echo signals to determine in-vivo mechanical properties22 and has been used to measure the 
elasticity of shoulder ligaments23. Furthermore, MRI-based deformable image registration techniques, 
such as hyperelastic warping24, have been utilized as a non-invasive method to record ligament 
behavior. In the future, elastography and deformable image registration may become useable to 
model subject-specific knee soft-tissues based on in-vivo measurements. Secondly, exact movements
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of the bones (femur, tibia and patella) inside the knee joint cannot be evaluated using optical motion 
analysis, such as Vicon, as the reflective markers are mounted on the skin. It therefore remains difficult 
to validate joint movements predicted by subject-specific FE models. X-ray fluoroscopy have been 
used to detect movements of bony25 as well as prosthetic2627 structures in the knee, although the 
activities captured in the past were rather artificial as the knee had to remain positioned in the 
fluoroscopic field of view. Several fluoroscopic devices are currently under development that are able 
to follow the knee joint's trajectory using, for instance, a trolley system to measure gait28 and a robotic 
arm designed to follow the knee during multiple activities of daily life 29. The ultimate goal of these 
devices is to record joint motion in freely moving subjects and can be used in future to validate knee 
models during real-life motion patterns.
Another important future goal of subject-specific FE knee models would be to assist orthopaedic 
surgeons in planning and optimizing prosthetic alignment pre-operatively30. Because of the fairly 
recent introduction of computer navigation in TKA3132, a surgeon is currently able to determine the 
exact location and geometry of hard-tissues before placing the prosthetic components. Theoretically, 
intra-operative information from computer navigation can be used to align the prosthetic 
components according to pre-operative data produced by personalized mechanical models.
Conclusion
Due to aging of the population, an increase in the prevalence of osteoarthritis of the knee joint is to be 
expected33. In the past numerical knee models have proven their use to optimize implant longevity 
and analyze clinical issues related to TKA34. An example of such a knee model has been described in 
this thesis. Promising developments in patient-specific modeling of the knee may further improve the 
predictive power of knee models and, on the long-term, evolve into a pre-operative planning tool 
assisting knee surgeons.
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Research Protocol
To evaluate the in-vivo functioning of high-flexion knee replacements, we started a double-blind 
prospectively randomized clinical trial in cooperation with the Canisius-Wilhelmina hospital in 
Nijmegen1. The objective of this functional evaluation is to investigate whether high-flexion TKA leads 
to a better knee function than conventional TKA. We aim at including 56 knee patients, of which 28 
patients will receive a high-flexion knee implant and the other 28 patients a standard knee implant. 
Only knee patients receiving primary TKA due to unilateral osteoarthritis, rheumatoid arthritis or 
trauma are included. Exclusion criteria are juvenile rheumatoid arthritis, haemophilia, cancerous 
disease, bilateral osteoarthritis, incapability of giving informed consent, a contralateral TKA, incapability 
of performing the selected functional tests or when another TKA design is more suitable to be 
implanted. The enrolment of knee patients started in November 2008 and up to now 45 patients have 
successfully been evaluated pre-operatively.
Figure A.1 The standard (left) and high-flexion (right) total knee replacements analyzed in the clinical trial described 
in this chapter.
The two possible interventions selected for this clinical evaluation are implantation of the standard 
fixed-bearing cruciate-retaining PFC Sigma FB and the high-flexion rotating-platform posterior- 
stabilized PFC Sigma RP-F (DePuy, Leeds, UK). These implants (Figure A.1) not only vary in whether they 
are optimized for high-flexion loading conditions, they also differ in the ability to substitute for 
posterior cruciate ligament (PCL) deficiency and in polyethylene bearing type (fixed versus mobile- 
bearing). Nevertheless, these implants were selected as we wanted to compare the high-flexion TKA 
design to be analyzed in this clinical trial to the most standard type of knee implant used in The
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Netherlands nowadays. Both replacements are implanted without resurfacing the patella. To obtain an 
equal distribution of body mass index (BMI) in the standard and high-flexion patient groups we stratify 
for BMI, resulting in two BMI groups: BMI < 30 and BMI > 30 kg/m2. Implant type was assigned to a 
knee patient by lot drawing. Blinding is achieved for all knee patients and assessors involved.
Figure A.2 Flowchart describing the inclusion and randomization process of the clinical trial as well as the functional 
tests and outcome parameters evaluated.
Knee patients are functionally assessed pre-operatively a few weeks before surgery and one year post­
operatively using both questionnaires and performance-based tests (Figure A.2). Patient 
questionnaires used in this study are: the Western Ontario McMaster Universities (WOMAC), the Knee 
Society Score (KSS) and the Visual Analogue Scale (VAS) to score for knee pain and satisfaction after 
surgery. As proposed by Murphy et al2 the addition of functional tests, specifically targeted at higher 
flexion activities, helps to compensate for the limitations in existing scores such as the WOMAC, KSS
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and VAS questionnaires. To evaluate the functional performance within the 'normal' flexion range 
(ROM < 120°), the knee patients are instructed to perform a sit-to-stand (STS) activity, during which 
they have to stand up from an initial 90° sitting position (Figure A.3a). Both the peak angular velocity of 
the knee and the ground reaction force ratio between the affected and non-affected leg are measured 
using wireless motion sensors (Pi-Node, Philips, Eindhoven, The Netherlands) and custom-built force 
plates, respectively. The validity of the STS test and outcome parameters to assess knee function have 
been described previously by Boonstra et al3,4. Furthermore, knee function in the high-flexion range 
(ROM > 120°) is evaluated using a kneeling (KNL) activity, during which the patients are asked to bend 
their knees up to the maximal flexion angle they experience as comfortable (Figure A.3b). For safety 
reasons, the patients are allowed to use the arm rest during the KNL activity. Both the maximal flexion 
angle and thigh-calf contact force are recorded using the same wireless motion sensors and a flexible 
pressure mapping sensor (Conformat, Tekscan, South Boston, MA, USA). In future, the contact forces 
measured during this functional evaluation will be related to contact force data from healthy subjects5 
and is expected to give information about how much confidence knee patients have in performing 
such deep flexion activities.
Figure A.3 (a) Sit-to-stand and (b) kneeling activity performed by knee patients to functionally compare high-flexion 
with standard TKA. During the sit-to-stand activity, starting at 90° of flexion, the angular velocity of the knee and 
ground reaction force are measured and during the kneeling activity the (maximal) flexion angle and thigh-calf 
contact force. Motion sensors are applied to the upper as well as the lower leg to measure knee kinematics.
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Samenvatting
Dit proefschrift beschrijft een aantal mechanische problemen gerelateerd aan hoge-flexie totale knie 
arthroplastiek (TKA) met mogelijke klinische implicaties. In deze Nederlandse samenvatting zullen de 
belangrijkste bevindingen besproken worden en in een meer klinische context worden geplaatst. De 
samenvatting wordt afgesloten met conclusies gebaseerd op de onderzoeksvragen gesteld in de 
inleiding van dit proefschrift.
Belangrijkste Bevindingen
Modeleren van Diepe Flexie: Dij-Kuit Contact (Hoofdstuk 2 en 3)
In Hoofdstuk 2 en 3 hebben we het effect van posterieur dij-kuit contact op de belasting van een 
hoge-flexie knieprothese beschreven, dat optreedt bij diepe buiging van de knie tijdens activiteiten 
zoals hurken en knielen (flexie > 120°). Hoewel dij-kuit contact een voor de hand liggende 
randvoorwaarde lijkt om mee te nemen in numerieke kniemodellen die diepe flexie analyseren, 
hebben we, naast een congresbijdrage die het globale kniebelasting reducerend vermogen van dij- 
kuit contact beschrijft1, geen studies gevonden die dit fenomeen beschrijven of geïncludeerd hebben. 
Daardoor waren zowel de grootte als het effect van dij-kuit contact op de belasting van de knie tijdens 
diepe flexie vooraf onbekend en hebben we besloten om eerst de dij-kuit contact karakteristieken te 
meten met behulp van een flexibele druksensor, om daarna het effect op de kniebelasting te 
bestuderen met ons eindige elementen kniemodel. In het algemeen hebben we gevonden dat 
grofweg 60 tot 70% van het lichaamsgewicht (bodyweight = BW) door het contact tussen dij en kuit 
wordt overgebracht op beide benen tijdens maximale knieflexie voor zowel hurken als knielen 
(Hoofdstuk 2). De momentsarm van de resulterende dij-kuit contactkracht ten opzichte van het 
rotatiemiddelpunt van de knie was groot (15-17 cm) vergeleken met, bijvoorbeeld, the momentsarm 
van de quadricepspees (4-5 cm)2. Daardoor, ondanks het feit dat de maximale dij-kuit contactkracht 
klein was ten op zichte van de maximale compressiekracht in de knie (4-5 x BW), was het effect van dij- 
kuit contact op de kniebelasting toch aanzienlijk (Hoofdstuk 3). Toepassing van dij-kuit contact in ons 
eindige elementen kniemodel reduceerde de maximale compressiekracht in de knie met 40% op 
maximale flexie (155°) en de maximale contactspanning op de tibiale 'post' van het polyethyleen van 
49 naar 28 MPa.
De dij-kuit contact karakteristieken beschreven in dit proefschrift zijn gemeten voor een relatief kleine 
groep jonge en gezonde westerse testpersonen (n = 10) met een gemiddelde body mass index (BMI) 
van 21.6±3.4 kg/m2. Door de betrekkelijk lage BMI in onze studiegroep, passen de gemeten dij-kuit 
contactkrachten mogelijk beter bij kniepatiënten uit Azië of het Midden-Oosten, die gemiddeld een
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lagere BMI hebben dan de standaard westerse kniepatiënt3. Echter, de significante correlaties 
gevonden tussen BMI of dij/kuitomtrek en, bijvoorbeeld, de starthoek van dij-kuit contact of de 
maximaal gemeten contactkracht suggereren dat de gemeten dij-kuit contactprofielen afhankelijk 
kunnen worden gemaakt van de afmetingen van het (test)persoon. Verdere metingen zijn nodig om 
dij-kuit contact te quantificeren voor een groter BMI-bereik dan beschreven in dit proefschrift en om 
anthropometrische variabelen toe te voegen met behulp van regressie analyse.
Eerder studies hebben aangetoond dat de kniebelasting in principe toeneemt met de flexiehoek van 
de knie45. Door de inclusie van dij-kuit contact treedt de maximale gewrichtsbelasting echter niet op 
bij maximale flexie (150-160°), maar eerder tussen zo'n 130 en 140°, afhankelijk van de 
lichaamsomvang van een patiënt. Hoge-flexie knieprothesen kunnen daarom beter worden 
geoptimaliseerd voor deze flexiehoeken en de tibio-femorale articulatie van reeds bestaande hoge- 
flexie knieprothesen is mogelijk (over)ontworpen op basis van niet-bestaande hoge belastingen 
tijdens knieflexie hoger dan 140°. Hier zou tegenin gebracht kunnen worden dat, door het negeren 
van het belastingreducerend vermogen van dij-kuit contact, hoge-flexie implantaten een ingebouwde 
veiligheidsmarge bezitten. Desalniettemin, versteviging van bijvoorbeeld de plastic tibiale 'post' met 
behulp van metalen om de (niet-bestaande) hoge belastingen op te vangen tijdens erg hoge 
kniebuiging kan nadelige effecten hebben op de mechanische prestatie van de 'post' op lange 
termijn6. De gemeten dij-kuit contactkrachten beschreven in dit proefschrift kunnen worden gebruikt 
om hoge-flexie protheseontwerpen verder te verbeteren.
Behoud van de PCL (Hoofdstuk 4)
Behoud van de PCL tijdens hoge-flexie TKA leidt tot een aanzienlijke krachtsproductie in de PCL 
gedurende kniebuiging en als een gevolg daarvan een hoge belasting op de prothesecomponenten 
zoals beschreven in Hoofdstuk 4 en 5. De maximale kracht in de PCL hangt sterk af van de flexiehoek 
waarop de PCL wordt gerekruteerd tijdens flexie, dat weer afhangt van de PCL laxiteit na de operatie. 
In Hoofdstuk 4 hebben we aangetoond dat een goed gebalanceerde PCL in combinatie met 
kruisbandsparende hoge-flexie TKA leidt tot een gelijkwaardige polyethyleenbelasting als posterieur 
gestabiliseerde hoge-flexie TKA. Daarbij moet worden opgemerkt dat de locatie waar de hoogste 
spanningen optraden verschilde tussen beide hoge-flexie protheseontwerpen. Het kruisbandsparende 
hoge-flexie ontwerp vertoonde de hoogste spanningen op de tibiale 'dish', daarentegen produceerde 
het posterieur gestabiliseerde ontwerp de hoogste spanningen op de 'post-cam' articulatie.
Vergeleken met conventionele kruisbandsparende TKA resulteerde hoge-flexie kruisbandsparende TKA 
in een aanzienlijk lagere maximale tibio-femorale contactspanning tijdens diepe kniebuiging (75 
versus 97 MPa), hoewel het effect wat genivelleerd werd door de hoge mate van plasticiteit. Bij
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conventionele TKA zagen we op erg hoge flexiehoeken (ROM > 140°) dat de posterieure femoral 
condylen zich gingen ingraven in het polyethyleen, wat de lokale contactspanning en mate van 
plasticiteit enorm verhoogde. De afwezigheid van een dergelijke polyethyleenbelasting ('edge 
loading') na hoge-flexie kruisbandsparende TKA wijst erop dat hoge-flexie implantaten de 
kniebelasting tijdens diepe flexie beter kunnen accommoderen dan standaardimplantaten.
Aangezien de PCL de belangrijkste veroorzaker is van zogenaamde femorale 'rollback'7, beïnvloedt de 
PCL functie direct de hoeveelheid 'rollback' na hoge-flexie TKA. Ondanks het feit dat het 
kruisbandsparende hoge-flexie protheseontwerp bestudeerd in Hoofdstuk 4 en 5 een aanzienlijke 
hoeveelheid 'rollback' liet zien in het flexiebereik tot 120°, zagen we dat de femorale condylen naar 
anterieur gleden op hogere flexiehoeken. Anterieure translatie van de femorale condylen vergroot het 
risico van posterieur implantaat-bot contact tijdens diepe flexie, wat op een mechanische manier 
diepere kniebuiging blokkeert89. Soortgelijke paradoxale anterieure 'rollback' patronen van 
kruisbandsparende implantaten zijn ook klinisch geobserveerd10. Het naar anterieur glijden van de 
femur tijdens knieflexie kan worden veroorzaakt door een ineffectieve PCL11. Echter, aangezien we 
getracht hebben om de PCL adequaat te balanceren in ons eindige elementen kniemodel zoals 
beschreven in Hoofdstuk 4, denken we dat de anterieure verplaatsing van de femur eerder door het 
bestudeerde protheseontwerp werd veroorzaakt. Het kruisbandsparende systeem dat we hebben 
geanalyseerd had namelijk een mobiel tibiaal lager (roterend platform), dat mogelijk 'rollback' 
tegenwerkte tijdens diepe flexie doordat de femoral condylen 'tegen de heuvel op' moesten vanwege 
het concave polyethyleenontwerp7. Daarnaast nam de sagittale femorale radius af op hoge 
flexiehoeken door het 'J'-curve protheseontwerp, dat mogelijk de PCL wat ontlast tijdens diepe flexie 
en kan leiden tot ruimte voor de posterieure femoral condylen om anterieur te glijden.
Balanceren van de PCL (Hoofdstuk 5)
Het is een uitdagend chirurgisch doel om tot een goed gebalanceerde PCL te komen na TKA. Een 
onjuist gebalanceerde PCL kan grote gevolgen hebben op de biomechanica van de knieprothese. In 
Hoofdstuk 5 hebben we aangetoond dat een te strakke PCL leidt tot meer femorale 'rollback', ten 
nadele van een hogere gewrichtscompressie en daaruit voortvloeiende hoge polyethyleenspanning. 
Hoewel chirurgische factoren zoals de maat van de femorale component, de hoeveelheid posterieure 
tibiale 'slope' en de strakheid van de flexie 'gap'12 de PCL functie kunnen beïnvloeden, hebben we 
aangetoond dat subjectspecifieke variaties in mechanische en anatomische PCL eigenschappen ook 
de PCL spanning en mate van gewrichtscompressie beïnvloeden. Met name de locatie van de 
femorale PCL aanhechting beïnvloedt de PCL kracht en prothesebelasting het meest.
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Vanuit een biomechanisch perspectief lijkt het toevoegen van extra posterieure tibiale 'slope' een 
betere methode dan PCL 'release' om een te strakke PCL te verhelpen in geval van kruisbandsparende 
TKA, omdat deze methode het risico op paradoxale femorale translaties tijdens diepe flexie reduceerde 
in onze simulaties (Hoofdstuk 5). We zagen dat ook een (gedeeltelijke) PCL 'release' de 
ligamentspanning verminderde, maar aan de andere kant ook dat de laxiteit en de hoeveelheid 
anterieure femorale translatie tijdens diepe flexie toenam. Gebaseerd op onze bevindingen lijkt PCL 
'release' alleen een geschikte methode als een kleine ligamentaire spanning verholpen moet worden 
en extra tibiale resecties ongewenst zijn.
De extreme belastingssituaties als gevolg van een te strakke PCL na TKA zoals beschreven in Hoofdstuk 
5, tonen aan dat ons kniemodel in staat is om klinische observaties na te bootsen. Zowel 'booking' als 
laterale 'spin-out' van de tibiale component zoals geobserveerd in onze eindige elementen analyses 
zijn gedocumenteerde intra-operatieve indicaties van een te strakke PCL111314 en komen met name 
voor wanneer de chirurg de flexie van de knie test met behulp van de proefcomponenten. Tijdens 
'booking' van het polyethyleen komt het plastic lager anterieur los van de metalen tibiale component 
door een extreme PCL spanning. Laterale 'spin-out' treedt alleen op bij mobiele polyethyleen lagers en 
wordt veroorzaakt door excessieve femorale 'rollback' op het laterale compartiment, wat leidt tot 
postero-laterale subluxatie dat het plastic lager in interne rotatie drukt.
Femorale Implantaat Fixatie (Hoofdstuk 6 tot 8)
De motivatie voor het mechanisch analyseren van de fixatiesterkte van de femorale component tijdens 
diepe knieflexie, zoals beschreven in Hoofdstuk 6 tot 8, was een recente klinische studie die een 
zorgwekkend hoge incidentie van femorale loslating liet zien voor gecementeerde hoge-flexie TKA15. 
De aseptische loslating die deze studie rapporteerde trad met name op aan de implantaat-cement 
interface. Hoge-flexie knieprothesen zijn mogelijk gevoeliger voor femorale loslating dan 
standaardimplantaten, ondanks het feit dat dij-kuit contact de kniebelasting vermindert na zo'n 140° 
knieflexie. Loslating op hogere flexiehoeken kan worden bevorderd door een in het algemeen hogere 
kniebelasting4516 en door tibio-femorale belastingsoriëntaties die anders en mogelijk riskanter zijn dan 
op lagere flexiehoeken. Een fundamentele belastingsanalyse van de femorale implantaat-cement 
interface is daarom uitgevoerd om de onderliggende mechanismen van het femorale loslaten 
geassocieerd met hoge-flexie TKA te bestuderen.
In Hoofdstuk 7 hebben we laten zien dat, hoewel hoge-flexie TKA beter in staat lijkt dan conventionele 
TKA om diepe knieflexie te accommoderen in termen als polyethyleenspanning en risico op slijtage, 
hoge-flexie implantaten tegelijkertijd een hogere belasting op het femorale fixatieoppervlak toestaan. 
Om te kunnen beoordelen of de multi-axiale belasting die optreedt op de implantaat-cement fixatie
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tijdens diepe flexie daadwerkelijk kan leiden tot vroegtijdige loslating, hebben we eerst de statische 
sterkte van deze interface experimenteel bepaald zoals beschreven in Hoofdstuk 6. Met de gegevens 
uit dit experiment is een faalcriterium opgesteld voor de implantaat-cement interface. Met name het 
fixatieoppervlak achter de anterieure femorale 'flange' vertoonde de meest kritische spanningtoestand 
tijdens diepe flexie en, gebaseerd op ons faalcriterium, grofweg 2% van deze interface werd 
aangemerkt te falen op 145° flexie. Geen loslating werd door het model voorspeld te gebeuren voor 
120° flexie. De voorspelde anterieure loslatingslocatie tijdens diepe flexie strookt met klinische 
observaties1517. Daarnaast, ondanks het feit dat behoud van de PCL de tibio-femorale belasting 
vergrootte tijdens diepe flexie in onze analyses, werd een redelijk vergelijkbare hoeveelheid anterieure 
loslating berekend voor zowel kruisbandsparende als posterieur gestabiliseerde hoge-flexie TKA 
(Hoofdstuk 8). De laatste TKA versie bleek minder gevoelig voor afname in botkwaliteit, zoals is 
aangetoond door een relatief kleine toename van anterieure loslating voor lagere botkwaliteiten. Voor 
kruisbandsparende hoge-flexie TKA werd een grotere toename in anterieur falen gevonden.
Door de toegenomen en anders georiënteerde belasting op de hechtingsoppervlakken van de 
femorale component tijdens diepe flexie (ROM > 120°) is hoge-flexie TKA chirurgisch minder 
vergevend dan conventionele TKA en is optimale fixatie van het femorale implantaat erg belangrijk. De 
hoge incidentie van femorale loslating gerapporteerd door Han et al15 kan zijn veroorzaakt door de 
cementeringstechniek die zij hebben gebruikt, zoals beschreven door Scuderi18. De fixatiesterkte van 
de anterieure interface kan worden verbeterd door zo schoon mogelijk te werken en door het 
botcement zo goed mogelijk onder druk uit te laten harden. Het is verder ook bekend dat de manier 
waarop het botcement wordt aangebracht op de afgezaagde femur en aan de binnenzijde van de 
femorale component de sterkte van de gecementeerde fixatie beïnvloedt19. Het is belangrijk dat 
orthopedische chirurgen voorzichtig zijn met het gebruiken van hoge-flexie TKA op kniepatiënten met 
een slechte botkwaliteit, omdat dit tot een groter risico op loslating leidt.
Functionele Evaluatie van Hoge-Flexie TKA
Naast het in-vitro testen van hoge-flexie knieprothesen zoals beschreven in dit proefschrift is het ook 
belangrijk om kniepatiënten functioneel te testen om te zien of patiënten daadwerkelijk een voordeel 
hebben van de aanpassingen gedaan in hoge-flexie protheseontwerpen. De meeste functionele 
evaluaties van hoge-flexie TKA uitgevoerd in het verleden maakten alleen gebruik van questionnaires 
en (passieve) ROM metingen en waren daardoor niet erg sensitief20. Om deze reden hebben we een 
prospectief gerandomiseerde klinische studie opgezet om hoge-flexie met conventionele TKA te 
vergelijken. Twee prestatiegebaseerde testen zijn opgenomen in dit onderzoek: een opstaoefening 
om de kniefunctie in het normale flexiebereik te testen en een knieloefening om het hoge flexiebereik
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functioneel te testen. Op het moment van schrijven loopt deze geblindeerde studie nog en daarom 
kunnen de tussentijdse resultaten niet worden vrijgegeven. Het doel is om deze studie in 2012 af te 
ronden en we verwijzen naar de Appendix voor een meer gedetailleerde uitleg van deze klinische 
studie.
Conclusies
De conclusies die getrokken kunnen worden uit de resultaten van dit proefschrift kunnen worden 
samengevat door het beantwoorden van de onderzoeksvragen gesteld in de inleiding (Hoofdstuk 1).
Modeleren van Diepe Flexie: Dij-Kuit Contact
Dij-kuit contact is substantieel aangezien 60 to 70% van de totale BW door het contact tussen dij en 
kuit op beide benen wordt overgebracht tijdens maximale knieflexie (150 tot 160°) voor zowel hurken 
als knielen. Daarom zou dij-kuit contact moeten worden toegevoegd in numerieke kniemodellen die 
focussen op diepe knieflexie. De locatie van de resulterende contactkracht op de kuit was relatief 
constant tijdens kniebuiging and maximaal 15 to 17 cm van het kniecentrum tijdens hurken en 
knielen. Dij-kuit contact reduceerde de maximale compressiekracht in de knie aanzienlijk en met name 
de contactspanning op de tibiale 'post' reduceerde met zo'n 40% op maximale flexie (155°).
Behoud en Balancering van de PCL
Uit onze resultaten blijkt dat kruisbandsparende hoge-flexie TKA de gewrichtsbelasting tijdens diepe 
knieflexie beter accommodeert dan conventionele TKA. De posterieure femorale condylen van de 
standaard knieprothese beschreven in dit proefschrift begonnen zich in te graven in het polyethyleen 
lager op erg hoge flexiehoeken (ROM > 140°). Dergelijke nadelige polyethyleenbelastingen zijn niet 
waargenomen voor hoge-flexie TKA. Daarnaast resulteerde kruisbandsparende hoge-flexie TKA in 
combinatie met een goed gebalanceerde PCL tot een vergelijkbare polyethyleenbelasting als 
posterieur gestabiliseerde hoge-flexie TKA. De hoogste polyethyleenspanningen traden echter op de 
'dish' op in geval van kruisbandsparende hoge-flexie TKA en op de tibiale 'post' in geval van posterieur 
gestabiliseerde hoge-flexie TKA. Zowel conventionele als hoge-flexie kruisbandsparende TKA lieten 
een anterieure femorale beweging zien tijdens diepe flexie, wat mogelijk de post-operatieve ROM van 
kniepatiënten beperkt. Variaties in de PCL stijfheid en de locatie van de femorale aanhechting hebben 
een sterk effect op de kracht in de PCL en de prothesebelasting tijdens knieflexie. Met name een 
mechanisch stijve PCL in combinatie met een vlakke oriëntatie ten opzichte van het tibiaplateau aan 
het begin van een flexiebeweging leidt tot een excessieve PCL spanning tijdens diepere flexie. Zowel 
PCL 'release' als het toevoegen van posterieure tibiale 'slope' zijn goede methoden om een te strakke
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PCL chirurgisch te verhelpen. Echter, vanuit een biomechanisch perspectief lijkt het toevoegen van 
posterieure tibiale 'slope' een betere methode voor hoge-flexie TKA, daar deze methode het risico op 
paradoxale anterieure translatie van de femur tijdens diepe flexie tegenwerkt.
Femorale Implantaat Fixatie
De femorale gecementeerde fixatie werd kritischer belast tijdens diepe knieflexie (ROM > 120°) dan op 
meer normale flexiehoeken (ROM < 120°), ondanks het feit dat dij-kuit contact de kniebelasting 
reduceerde na zo'n 140 tot 145° flexie. De hoogste trek- en schuifspanningen traden op aan het 
femorale hechtingsoppervlak onder de anterieure femorale 'flange'. Op 145° flexie werd zo'n 2% van 
deze interfacelocatie aangemerkt los te laten, terwijl onder 120° flexie geen loslating werd 
geobserveerd. Ondanks het feit dat door behoud van de PCL de algemene kniebelasting toenam, 
werd een redelijk vergelijkbare spanningstoestand op het anterieure implantaat-cement 
hechtingsoppervlak berekend voor zowel kruisbandsparende als posterieur gestabiliseerde hoge-flexie 
TKA. De fixatiesterkte van de laatste TKA variant bleek minder gevoelig voor afname in botkwaliteit in 
onze analyses, waarschijnlijk door een groter bevestigingsoppervlak dan kruisbandsparende TKA.
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Dankwoord
Er zijn van die momenten in je leven waarop je een periode afsluit en het goed is om terug te kijken op 
wat er allemaal gebeurd is. Dit is zo'n moment voor mij. Ik geloof dat ieder mens seizoenen kent in zijn 
of haar leven en het afgelopen seizoen heb ik met veel plezier gewerkt op het Orthopaedic Research 
Lab (ORL) in Nijmegen. Dit proefschrift is het eindproduct van deze fase in mijn leven en wat is er veel 
gebeurd! Ik ben eerst afgestudeerd, van Enschede verhuisd naar Arnhem, mijn leven daar opgebouwd, 
nieuwe vrienden gemaakt, getrouwd, vader geworden en ik sta nu op het punt te promoveren. Wie 
had vijf jaar geleden kunnen voorzien dat dit allemaal zou gebeuren?
Tijdens het fietsen van en naar mijn werk in Nijmegen heb ik vaak nagedacht over het schrijven van 
mijn proefschrift en met name het dankwoord, omdat ik weet dat iedereen dit altijd als eerste leest en 
ik dankbaar ben voor alle hulp die ik heb mogen krijgen tijdens mijn promotietraject.
Als eerste wil ik de voor mijn promotie belangrijkste mensen bedanken. Dit zijn mijn promotor Prof. dr. 
ir. Nico Verdonschot en mijn copromotor Dr. Maarten de Waal Malefijt. Ik noem bewust zowel jullie 
titulatuur als voornamen, vanwege mijn respect voor jullie professionele expertise en hoe jullie dit 
altijd op een prettige manier verbonden hebben aan een persoonlijke omgang.
Nico, ik wil je vooral bedanken voor al de mogelijkheden en kansen die ik heb gehad op het ORL om 
mezelf te ontwikkelen en voor de vaardigheden/ervaringen die ik heb mogen opdoen: onderzoek 
opzetten, papers schrijven/reviewen, onderzoek presenteren, internationale congressen bijwonen, 
onderwijs geven en nog veel meer. Ik vind het bijzonder hoeveel jij weet van biomechanica en 
knieprothesen, hoewel het eerst niet je primaire expertise was. Ik denk dat we de afgelopen jaren 
samen veel hebben geleerd! Boven alles ben je een erg prettige baas (hoewel je jezelf altijd voorstelt 
als 'collega van') en ik kijk nog steeds met vreugde terug op mijn eerste congres in New York, waar ik 
samen met jou naartoe ben geweest. Zonder jouw hulp, kennis en motiverende woorden had ik 
oprecht dit boek niet kunnen schrijven. Erg bedankt voor alles!
Maarten, voordat ik begon aan dit promotietraject had ik nog niet eerder samengewerkt met een 
(orthopaedisch) chirurg en dat vond ik best spannend in het begin. Onze wekelijkse gesprekken heb ik 
altijd als zeer prettig ervaren en, ook al kwam je soms even kort langs, je had altijd wel een 
steekhoudende opmerking waar ik verder mee kon. Bedankt voor de reviews van mijn stukken en je 
opbouwende reacties! Jouw  bijdrage aan dit boek is niet te onderschatten.
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Daarnaast wil ik mijn voorganger op het ORL, Marco Barink, bedanken. Marco, bedankt voor hoe je mij 
op het ORL hebt opgevangen in een drukke tijd. Ook bedankt voor het knieproject dat jij met Nico en 
Maarten hebt opgestart en waar ik zo verder mee kon. Vakinhoudelijk heb ik ook veel van je geleerd.
Verder wil ik alle vaste medewerkers van het ORL bedanken. Als eerste het hoofd van het lab: Pieter 
Buma. Je  hebt samen met Nico een mooi lab neergezet, waar een prettige (werk)sfeer heerst en ook 
goed onderzoek wordt gedaan. Bedankt daarvoor!
Ineke, waar zou het lab zijn zonder jou? Bedankt voor al je hulp bij bijv. subsidieaanvragen en andere 
administratieve aangelegenheden. Je hebt de zaakjes op het ORL goed op orde ;).
Willem, bedankt voor je hulp bij mijn knie-experimenten in de kelder. Echt mooi om te zien wat jij 
allemaal kunt vervaardigen met een simpele draai- en freesbank. Je  bent ook één van de weinigen die 
ik ken die nog met het oude vertrouwde Ashlar Vellum werkt en zulke inzichtelijke (werk)tekeningen 
kan maken!
René vd V, bedankt voor je al je hulp op computergebied. Je  bent een stabiele factor op het lab en 
zonder jouw aanwezigheid zou de boel hier echt niet 'draaiende' blijven. Bedankt dat ik zo vaak bij je 
binnen mocht lopen om van gedachte te wisselen over programmeertechnische vraagstukken.
Daarnaast ook mijn oprechte dank aan alle postdocs, promovendi en andere ORL collega's: Gerjon, 
Eric, Wojciech, Leon, Maud, Daan, Maria, Liesbeth, Anne, Erwin, Pawel, Huub, Pieter H, Hendi, Miranda, 
Dennis en Esther. Bedankt voor alle gezelligheid en leuke gesprekken tijdens de lunch of op congres.
In het bijzonder wil ik mijn ORL roomies bedanken: eerst Jantien en Roeland en later Loes, Astrid en 
René A. Bedankt voor alle leuke gesprekken die we hebben gevoerd en voor jullie hulp bij hoe je iets 
duidelijk opschrijft en daarna bijv. instuurt als artikel. Ik heb altijd met veel plezier bij jullie op de kamer 
gezeten en ik ga jullie missen.
Ook wil ik alle studenten bedanken die ik heb mogen begeleiden tijdens mijn promotieonderzoek. In 
chronologische volgorde waren dat: Michele, Caroline (Appendix), Lindy (Appendix), Jolanda 
(Hoofdstuk 7), Lennert (Appendix) en Paul (Appendix). Van jullie heb ik de kunst van het begeleiden 
mogen leren (hoop ik) en zonder jullie had ik al het onderzoek dat in dit proefschrift staat niet kunnen 
doen. Bedankt daarvoor!
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Verder ook de mensen met wie ik heb samengewerkt en de studenten die ik niet zelf heb begeleid, 
maar wiens werk ik wel kon gebruiken in mijn onderzoek: Maarten (Hoofdstuk 4), Sander & Kristel 
(Hoofdstuk 6) en Petra (Hoofdstuk 5).
I also would like to thank DePuy for their pleasant collaboration, and in particular David Wolfson (UK) 
and Romy de Jong (BeneLux).
Graag wil ik mijn vrienden Ronald en Nico bedanken. Ik ben er trots op jullie mijn vrienden te noemen 
en dat we regelmatig een weekendje weggaan om de natuur in te trekken en mannelijke dingen te 
doen zoals wildkamperen, vuurtjes stoken en om bovenal een goede tijd samen te hebben. Ik hoop 
dat we dit nog lang kunnen blijven volhouden!
Ook de vriendengroep uit mijn kerk Oase Arnhem wil ik bedanken voor de door hun getoonde 
betrokkenheid en interesse: Natanaël & Hananjah, Daniël & Marieke, Bas & Linda, Bert, Wouter, Cris & 
Michelle, Daniël & Corine, Daniël & Eke-Anna, Marcel & Nina, Jacco & Marlous, Simon, Jolien en Dennis. 
Jongens, bedankt hiervoor!
Op deze 'plek van terugkijken' wil ik mijn ouders en de rest van mijn familie (Rimmert, Nanneke, Sanne 
en Gernald) bedanken voor hun steun en betrokkenheid. Ook de familie van Ellen enorm bedankt voor 
alle support! Papa en mama, jullie zijn er altijd voor mij geweest en ik ben dankbaar dat ik zulke 
liefdevolle ouders heb. Jullie zijn altijd erg betrokken geweest bij mij en mijn studie. Vrienden kun je 
uitzoeken, familie heb je en ik ben ontzettend blij met jullie!
Lieve Ellen, wat ben ik God dankbaar voor zo'n lieve, mooie en zorgzame vrouw die jij bent! We zijn 
echte 'maatjes' geworden en ik vind het zo fijn dat ik altijd gewoon mezelf kan zijn bij jou. Bedankt 
voor al je steun en liefde tijdens mijn promotieonderzoek. Ik hou zo ontzettend veel van jou.
Levi, ook al ben je nu nog klein, jouw komst in mijn leven geeft me zoveel vreugde! Het was altijd fijn 
om, na een dag hard werken, weer thuis te komen en jouw blije koppie te zien. Papa houdt van jou.
Veel van jullie hebben mij waarschijnlijk leren kennen als een gelovige jongen en dat ben ik ook. Tot 
slot wil ik daarom mijn Vader in de hemel bedanken. Bedankt dat ik altijd met U kon praten ook als het 
soms even zwaar was. Uiteindelijk bent U degene die dit alles mogelijk heeft gemaakt, zonder U 
zouden er immers geen knieën bestaan om te onderzoeken! Dit proefschrift draag ik daarom op aan U.
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Zoals ik eerder al noemde denk ik dat een mensenleven seizoenen kent. Nu breekt er voor mij, Ellen en 
Levi een heel nieuw seizoen aan. We zullen de komende twee jaar wat anders gaan doen en ons gaan 
inzetten voor de zigeuners in Roemenië, een groep mensen die het minder goed heeft dan wij in 
Nederland. Sinds Ellen en ik in 2005 voor het eerst in contact zijn gekomen met het werk onder de 
Roemeense zigeuners, is het onze droom geweest wat voor deze mensen te kunnen betekenen. In de 
periode daarna hoop ik me te kunnen gaan toeleggen op onderwijs en zullen de dingen die ik de 
afgelopen vijf jaar heb mogen leren goed van pas komen!
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